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The pyridine nucleus reacts with cyanogen bromide and an 
aromatic amine to give a yellow compound which can be esti- 
_ mated colorimetrically. This reaction has been made the basis 
for the chemical determination of nicotinic acid (1-9). In the 
_ present study the same reaction has been used for the analysis of 
biological materials but the errors, due to inadequate extraction 
or to adsorption, are avoided by direct acid hydrolysis of the test 
' substance, followed by preferential charcoal adsorption for the 
decolorization of the hydrolysate. For the measurement of the 
final yellow color resulting from the reaction between nicotinic 
acid and reagents, a photoelectric colorimeter' is used, and in 
the application of the test to biological materials a new proce- 
dure is described for making the blank corrections and for evalu- 
ating the effects of interfering substances which modify the sensi- 
tivity of the reaction. 

Nicotinamide? rather than nicotinic acid was used in the re- 


* The expenses of this investigation were defrayed by grants from The 
Upjohn Company, Kalamazoo, and from the Horace H. Rackham School 
of Graduate Studies, University of Michigan. 

t Upjohn Fellow in Clinical Research, 1937-40. 

1 Obtained from the Rubicon Company, Philadelphia, Pennsylvania. 

The design and principle of operation of this instrument are described by 
Evelyn (10). For a more complete description, including the significance 
of the terms used in the present study, the reader is referred to ‘‘Evelyn 
photoelectric colorimeter, Notes on operation’’ (1939), Rubicon Company, 
Philadelphia. 

* The crystalline nicotinamide was kindly furnished by General Bio- . 
peeaicain, Inc., Cleveland, Ohio. The compound melted at 126°. A 
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2 Determination of Nicotinic Acid 


covery experiments. The amide reacts also with the reagents 
to give the same yellow color but of an intensity corresponding to 
only one-half of that obtained with an equivalent amount of the 
acid. Under the conditions of our test the amide is completely 
hydrolyzed to give the theoretical amount of free acid. This 
quantitative conversion of amide to acid in tests with the com- 
pound added to biological materials is adequate proof that any 
nicotinamide-containing coenzymes present are also hydrolyzed 
to yield free nicotinic acid. Von Euler and associates (3) have 
shown that the union of the pyridine ring to carbohydrate in 
codehydrogenase I and II is much more labile to acid hydrolysis 
than the acid amide group. The present method for the determi- 
nation of nicotinic acid has been used in the analyses of yeast, 
liver, rice polish, and wheat germ preparations and of urine, 
milk, saliva, plasma, and whole blood. 


EXPERIMENTAL 


Reagents for Chemical Reaction— 

Cyanogen bromide. Water saturated with bromine at 510° 
is just decolorized in the cold by the addition of a 10 per cent 
KCN solution. From 70 to 75 cc. of the KCN solution are used 
in the titration of 500 cc. of the bromine water. 

Absolute ethyl alcohol. This reagent is generally free from 
pyridine compounds. 

Aniline solution. Redistilled aniline is dissolved in absolute 
ethyl alcohol to make a 4.0 per cent solution. 

Standard nicotinic acid* solution. This contains 100 micro- 
grams per cc. of absolute ethyl alcohol. 

Results Obtained in Tests with Pure Solutions of Nicotinic Acid— 
The procedure used in carrying out the reaction is that reported 
by Shaw and MacDonald (2). To the nicotinic acid in 3 ce. of 
solution (2 parts of water to 1 part of ethyl alcohol) 6 cc. of the 
cyanogen bromide reagent are added from a burette. This is 








stock solution was made by dissolving 496 mg. of nicotinamide in 500 ce. 
of absolute ethyl alcohol. This solution is equivalent on the basis of 
comparative molecular weights of the solutes to one containing 1 mg. of 
nicotinic acid per cc. 

* Obtained from Eastman Kodak Company, Rochester, New York. 
After recrystallization from hot water, the compound melted at 231°. 
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followed immediately with the addition of 1 cc. of the aniline 
solution. The solutions are stirred after the addition of each 
reagent. The maximal yellow color‘ is then read in the Evelyn 
photoelectric colorimeter, with Filter 420. 

With quantities of nicotinic acid ranging from 3 to 50 micro- 
grams the ratio of photometric density (LZ value) to the concen- 
tration of the test substance was constant to within +1 per cent. 
There was a significant positive deviation from the constant K 
value when smaller amounts of nicotinic acid were tested, but 
because of the excellent reproducibility of the results accurate 
values may still be obtained in the very low range by applying 
an appropriate correction factor. 

Specificity of Reaction for Nicotinic Acid—This subject has been 
more extensively investigated by others (1-6, 9). Their studies 
indicate that the reaction is specific not for nicotinic acid alone 
but for the pyridine ring, provided the nitrogen is trivalent. 
However, the reaction appears to be even more specific than this 
inasmuch as vitamin Bs, which also contains the pyridine ring 
with trivalent nitrogen (11), fails to give a positive color test.§ 

Reproducibility and Stability of Reagents—In order to study 
this problem adequately more than 100 tests with twenty-five 
different cyanogen bromide reagents and six different aniline solu- 
tions were carried out. Representative data are presented in 
Table I. The K values obtained with the cyanogen bromide 
reagents were not constant but varied from 0.215 to 0.259. How- 
ever, with each of the particular reagents used the K value was 
constant in tests conducted with varying quantities of nicotinic 
acid. This finding indicates that no previously determined 
reference curve can be used for this determination but that along 
with each series of tests a K value should also be obtained. We 
have preferred in analyses of biological materials to determine 
for each test solution its own particular K value. To an aliquot 
of the test solution 10 micrograms of nicotinic acid are added and 
the difference in photometric density yields the proper K value 
to be used in the calculations. This is necessary, since other 


‘This color reaches a maximum in from 3 to 5 minutes and remains 
constant for at least the next 5 minutes. 
5 The crystalline vitamin B, was kindly furnished by Merck and Com- 


pany, Inc., Rahway, New Jersey. 
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4 Determination of Nicotinic Acid 


substances in solution may either inhibit the reaction (e.g., excess 
of free acid or free alkali) or make it more sensitive (e.g., sodium 
chloride). 

Examination of Table I also reveals that the reagents, when 
properly stored, are suitable for use for a period of at least 5 


TaBLe I 


Reproducibility and Stability of Reagents Used in Chemical 
Determination of Nicotinic Acid 














Reagen Blank 
: | ae cae Gare center set | Nicotinic | 

| ture of ae aver | acid tested | K valuet 
CNBr OMe | CNBr wened CNBr° | ‘Nadine | | 
days days | S. y 

I Ce oo}; 5 | 8 | §& | 0.262 

| | | | 10 | 0.256 

| | | | | 20 | 0.258 

i}; of; %]} & | 8s | 10 | 0.258 

M4 8 171 | 5 | 136¢ | 10 | 0.258 

II Il | 0 o| 5 | s | 5 | 0.218 

| | | | | 10 | 0.216 

| | | | | | 20 | 0.215 

I | 31 | 31 s iw | we poms 

II 150 | 56 | 5 783 | «#10 =| 0.206 

II {| 31 | 3&1 | 25-80 7 | 85 | 0.178 

| | | 10 | 0.179 

20 | 0.175 

11 | 15 | 55 | 2530 | 78 10 | 0.072 








* The aniline solutions were stored at room temperature throughout. 

t This value corresponds to the photometric density obtained in each 
test when expressed in terms of 10 micrograms of nicotinic acid. 

t When the galvanometer in this case was adjusted to 100 with the blank 
tube, the center setting was not on the galvanometer scale. The recorded 
value was obtained by adjusting the galvanometer to 50 with the blank tube 
and multiplying the resulting center setting by 2. 


months. This is in contrast to all methods previously published, 
which advocate the use of freshly prepared reagents. The aniline 
solutions were stored at room temperature in glass-stoppered, 
brown glass bottles. The center settings obtained with these 
solutions and the freshly prepared cyanogen bromide reagent 
indicate that there is a marked increase in the color of the former 
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with increasing age. However, this change in the aniline reagent 
merely alters the center setting without affecting the accuracy 
of the results. The cyanogen bromide is stored also in a glass- 
stoppered bottle but in the refrigerator at about 5°. When kept 
at room temperature the reagent gradually deteriorates with a 
concomitant decrease in the experimentally determined K values. 

Despite the fact that nicotinic acid is relatively a very stable 
compound, we have repeatedly observed a rather rapid decrease 
in its concentration when dilute aqueous solutions (10 micrograms 
per cc.) are allowed to stand at room temperature. Because the 
factor responsible for this is bacterial contamination, all standard 
nicotinic acid solutions are made up in absolute alcohol. 

Use of Preferential Charcoal Adsorption for Decolorization of 
Nicotinic Acid Solutions—Analyses of biological materials for 
nicotinic acid have been complicated by the presence in test 
solutions of pigments which mask the color produced by the 
reaction and because of their intensity make impossible colori- 
metric measurements. Charcoal adsorbs nicotinic acid quan- 
titatively from pure aqueous solutions and to an appreciable 
extent from biological solutions. For this reason charcoal ad- 
sorption has been abandoned and other procedures, though much 
more tedious, adopted for the preparation of colorless solutions 
(1-9). However, by making use of preferential charcoal adsorp- 
tion we have been successful in the decolorization of solutions 
with no concomitant loss of nicotinic acid. 

The validity of this new procedure is indicated by tests with 
pure solutions of nicotinic acid of known concentration. Variable 
amounts of charcoal’ were added to aqueous, strongly acidic, 
alcoholic, and strongly acidic alcoholic solutions of nicotinic acid. 
The mixtures were shaken and filtered’ at room temperature. 
The filtrates were adjusted * in the cold to pH 7 and tests conducted 


® Darco, a vegetable charcoal, obtained from The Coleman and Bell 
Company, Inc., Norwood, Ohio. 

7 Whitall Tatum filter paper, manufactured by the Armstrong Cork 
Company, Lancaster, Pennsylvania, was used. 

8’ Concentrated NaOH (18 n) was used to neutralize the acid filtrates 
with phenolphthalein as an inside indicator. For the final adjustment 1 Nn 
NaOH was added with litmus paper as an outside indicator. The phenol- 
phthalein does not influence the reaction and at the pH of the test is 
in its colorless form. 
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with 3 cc. samples, containing 2 parts of water to 1 part of alcohol 
and equivalent to one-tenth of the original solutions. The 
results, presented in Table II, indicate that quantities of charcoal 
up to 200 mg. may be added to 25 cc. of the acidic alcoholic 
solution with no loss of nicotinic acid. Losses from simple acidic 
or alcoholic solutions are large but the coupling of the two mediums 

















Tas_e II 
Influence of Solvent upon Adsorption of Nicotinic Acid by Charcoal 
Solvent for nicotinic acid* | Chareoalt added Nicotinic acid adsorbed 
mg. per cent 
15 ec. H,O | 100 | 100 
200 100 
300 100 
500 100 
15 “ 4n HCl 100 85 
200 92 
300 92 
500 95 
15 “ H,O + 10 cc. C,H,OH 100 67 
200 84 
300 88 
500 93 
15 “ 4nHCl1+ 10cc. C,H,OH 100 3 
| 200 | 0 
| 300 17 
| 500 30 





*In each case 100 micrograms of nicotinic acid were added; for the 


colorimetric tests 10 per cent aliquots were used. 
+t Dareo, a vegetable charcoal, obtained from The Coleman and Bell 


Company, Norwood, Ohio. 


is followed by a synergistic action in the prevention of charcoal 
adsorption of nicotinic acid. 

Procedure for Evaluating Residual Color in Test Solution and for 
Converting Photometric Density into Absolute Units of Nicotinic Acid 
—For the decolorization of biological solutions the technique of 
preferential charcoal adsorption is used. No attempt is made to 
obtain complete decolorization of the alcoholic hydrolysates 
inasmuch as correction can easily be made for the amount of 
residual color. The procedure described by Bandier (5) for 
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making this correction involves the addition of all reagents except 
the base to an aliquot of the test solution. However, since 
cyanogen bromide reacts to an appreciable extent with nicotinic 
acid despite the absence of the base to give the same color, false 
results are obtained. We have found in tests with pure solutions 
of nicotinic acid ranging from 3 to 50 micrograms that the yellow 
color developed without the aniline is equivalent to from 33 to 
20 per cent respectively of that obtained when the base is added. 
It is therefore necessary to carry out an independent blank deter- 
mination for the residual color subsequent to decolorization in 
addition to that obtained with the reagents. 

The procedure used for making these two independent blank 
corrections and its validity are presented in Table III. The 
tests were conducted on 3 cc. aliquots of three 30 cc. nicotinic 
acid solutions, containing in each case 100 micrograms of the acid 
in 2 parts of water to 1 part of ethyl alcohol. The solutions were 
colored to varying degrees by thymol blue indicator. The 
initial photometric densities were calculated from the galvanom- 
eter readings of the samples diluted with a buffer solution® to 
simulate test conditions. The same Filter 420 was used but the 
center setting was that obtained with a blank tube coniaining 
only the pure solvents. Subsequent to the chemical reactions the 
maximal photometric densities were measured, the center setting 
obtained with the blank on the reagents being used. By sub- 
tracting from the total photometric density that corresponding 
to the color initially present in the test solution prior to the addi- 
tion of the reagents, the photometric density resulting from the 
chemical reaction alone was obtained. For the conversion of this 
value into micrograms of nicotinic acid use was made of the K 
value corresponding to the increase in photometric density when 
10 micrograms of nicotinic acid in 0.1 cc. of absolute ethyl alcohol 
were added to another 3 cc. aliquot of the test solution. The 


* This solution is composed of 1960 cc. of water, 10 cc. of HsPO, (85 per 
cent), 30 cc. of 15 per cent NaOH, and 333 cc. of absolute ethyl alcohol. 
With phenolphthalein as the indicator, 7 cc. of the solution have a ti- 
tratable acidity equivalent to 10 ce. of 0.05 n NaOH; its pH is 2.4. These 
values correspond to the titratable acidity and pH of the pooled reagents, 
6 cc. of CNBr + 1 cc. of CsHsNHe, estimated at from 5 to 10 minutes after 
being mixed at room temperature. 
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validity of these procedures is indicated by the theoretical values 
obtained with all three nicotinic acid solutions (Table ITI). 

Determination of Nicotinic Acid in Biological Materials—The 
test material, containing from 10 to 400 micrograms of nicotinic 
acid, is added to a test-tube graduated at the 10 and 15 cc. marks. 
5 ec. of concentrated hydrochloric acid (specific gravity of about 
1.18) are added and this is followed by distilled water until the total 
volume measures 15 cc. The acidity is approximately 4.N. The 
test-tube is immersed in a boiling water bath and the hydrolysis 
allowed to proceed for a period of from 30 to 40 minutes with 
occasional stirring. The sample is cooled to room temperature 
and the volume restored to the original 15 cc. 10 cc. of absolute 
ethyl alcohol are added and the solution (or suspension) trans- 
ferred to a 150 cc. Erlenmeyer flask. Exactly 200 mg. of char- 
coal® are added, and the mixture shaken and filtered’ at room 
temperature. An aliquot of the filtrate, 8.33 cc., is pipetted into 
the graduated test-tube, 1 drop of phenolphthalein added, and 
the solution neutralized® in the cold to pH 7. The final volume 
is brought to the 10 cc. mark. 

3 cc. aliquots of the test solution, already containing alcohol in 
the proper ratio of 1 part to 2 parts of water and equivalent to 
one-tenth of the original sample, are used for the tests. To the 
first sample 7 cc. of an alcoholic buffer solution® are added. The 
photometric density of the color remaining after the charcoal 
decolorization is then estimated according to the procedure 
described in the preceding section of this paper. A second 3 ce. 
aliquot of the test solution is used for the chemical reaction and 
the maximal total photometric density measured. By difference 
that resulting from the chemical reaction alone is obtained. This 
value is converted into micrograms of nicotinic acid by use of the 
K value obtained when 10 micrograms of the acid are added to a 
third 3 ce. aliquot of the test solution. The validity of these 
procedures with examples to illustrate the method of calculation 
has been presented in Table III. 

Representative data obtained in the course of numerous analyses 
of food sources, rich in the vitamin B complex, and of other 
materials of biological interest are given in Table IV. The theo- 
retical recoveries of added nicotinamide as nicotinic acid from the 
hydrolysates support the validity of the procedures used. 
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In Table IV there is included a column to show what may be 
considered optimal amounts of the test materials to be used for 
the analysis. Test solutions, such as saliva and urine, are first 
concentrated over a steam bath and then brought to volume with 
the concentrated hydrochloric acid and wash water.'® In analyses 
of material, such as milk, plasma, and blood, the concentrated 
acid is first pipetted into the graduated test-tube. 5 drops of 
caprylic alcohol are added in order to reduce subsequent foaming. 
While the acid is being stirred mechanically, the sample is slowly 
added. The mixture, with the same stirring rod, is then immersed 
in the boiling water bath. During the first 15 minutes of the 
hydrolysis the samples are not disturbed. By that time they 
become sufficiently liquid for adequate stirring. 

Alkaline hydrolysis (NaOH) of the test material has been 
employed by Bandier (4, 5) with good recoveries of added nic- 
otinamide. Such a procedure yields a lighter colored solution 
than acid hydrolysis. Our own experience with alkaline hydroly- 
sis (2.5 to 9 N), especially of urine, has also shown that added 
nicotinamide is completely coverted to the free acid. However, 
the yield of “nicotinic acid’”’ from urine samples subjected to such 
alkaline hydrolysis is far in excess of that obtained by hydrolysis 
with hydrochloric acid of equivalent normality and increases 
progressively with increasing concentration of the alkali used. 
The acid hydrolysis yields constant values despite varying con- 
centrations of the hydrochloric acid used. In all of these cases 
theoretical recoveries of added nicotinamide are obtained. Fur- 
thermore, a normal intake of some materials, devoid of anti- 
pellagra activity, has been found to augment up to 700 per cent 
the yield of the substances in urine reacting like nicotinic acid 
when alkaline hydrolysis (9 N) is employed. Inasmuch as the 
intake of these substances does not appreciably increase the yield 
of nicotinic acid obtained by acid hydrolysis, we have preferred 
to use acid rather than alkali for the hydrolysis of the test mate- 


1° The usual 30 to 40 minute acid hydrolysis is satisfactory for the 
conversion of all nicotinamide in normal urine to the free acid. Prolonged 
hydrolysis (5 hours duration) does not increase the yield of nicotinic acid. 
However, a 5 hour hydrolysis is essential when urine is collected from 
subjects receiving test doses of extra nicotinic acid. Only under these 
conditions will the voided nicotinuric acid be completely hydrolyzed. 
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14 Determination of Nicotinic Acid 


rials. A more detailed and extended report of these findings will 
be the subject of a subsequent paper. 

In the fifth column of Table IV, the amount of color remaining 
in an aliquot of each of the test samples subsequent to charcoal 
decolorization and neutralization is indicated. The specimens 
from Samples A to K contained very little color. In the case of 
Samples L to N the decolorization was not satisfactory when the 
usual single addition of 200 mg. of charcoal was used. Additional 
charcoal treatments were essential. In the analysis of materials 
such as milk and plasma the initial charcoal adsorbate is removed 
by centrifugation and an additional 100 mg. quantity of charcoal 
added to the decanted solution. The mixture is then filtered. 
With whole blood three additions of 300 mg. of charcoal are 
employed to decolorize the alcoholic hydrolysates. Because 
substances in biological solutions inhibit adsorption of nicotinic 
acid, amounts of charcoal can be used for the decolorization of 
such solutions in excess of the maximum found in tests with pure 
acidic alcoholic solutions of nicotinic acid (see Table II). The 
excellent recoveries of the nicotinamide added to Samples L to N 
support the validity of this new procedure of stepwise preferential 
charcoal adsorption for the decolorization of solutions with no 
loss of nicotinic acid. 

In Table IV comparison is made between the K values obtained 
in tests with 10 micrograms of nicotinic acid in pure solutions and 
those calculated by difference when the 10 microgram quantities 
of nicotinic acid were added to aliquots of the test solutions. The 
discrepancies between these two series of K values are real and 
do not represent errors in the analyses. The variations in these 
values among the different test solutions are due to the presence 
of other substances in varying concentration in these solutions 
which tend to modify the sensitivity of the reaction. However, 
in any given case the K value is constant over the range of nicotinic 
acid concentration determined by the present method. This was 
indicated by additional tests with graded amounts of nicotinic 
acid (from 1 to 50 micrograms) added to the same test solution. 

Von Euler and associates (3) have pointed out thatethe color 
produced by the reaction of the reagents with nicotinamide is 
fully 4 times as great as that obtained with the dihydropyridine 
remaining after acid hydrolysis of the reduced codehydrogenases. 
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They state that these compounds are completely oxidized by 
atmospheric oxygen during simple aqueous extraction and that 
solutions of the reduced codehydrogenases are obtained only by 
alkaline extraction. The yield of nicotinic acid from the test 
materials of this study was not increased by preliminary aeration" 
in the presence of hydrogen peroxide at pH 7 and at 37° for 30 
minutes. 


SUMMARY 


Nicotinic acid reacts with cyanogen bromide to give a yellow 
color, the intensity of which is increased 3- to 5-fold by the addition 
of aniline. The ratio of maximal photometric density, measured 
by the Evelyn photoelectric colorimeter, to the quantity of the 
acid (from 3 to 50 micrograms) is a constant. With application 
of the proper correction factor as little as 1 microgram of nicotinic 
acid may be determined. The reagents, when properly stored, 
are suitable for use for a period of at least 5 months. The chemical 
reaction has geen used in the analyses of yeast, liver, rice polish, 
and wheat germ preparations and of urine, milk, saliva, plasma, 
and whole blood. The test material is subjected to direct acid 
hydrolysis, followed by preferential charcoal adsorption for the 
decolorization of the solution with no concomitant loss of nicotinic 
acid. A new procedure is described for the estimation of the 
photometric density due solely to the reaction between nicotinic 
acid and reagents and for the conversion of this value into absolute 
units of the acid. The necessity for using acid in preference to 
alkaline hydrolysis is indicated. Oxidation prior to hydrolysis 
does not appear to be essential. 


Addendum—While this paper was in press, the report by Harris and 
Raymond (13) appeared, advocating the addition of aniline to the blank 
test. The base was found to react directly with substances in the hydroly- 
sates to give colors indistinguishable from that obtained in tests for nico- 
tinic acid. We had also found this tobe true. However, our more extensive 
studies indicated conclusively that in the presence of cyanogen bromide 





In the case of the whole blood samples complete hemolysis was ef- 
fected in one series by simple dilution with water, in the other by the 
addition of saponin. The reason for this preliminary treatment is the fact 
that the nicotinamide-containing coenzymes of the blood are entirely in 
the cells (12). 
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these interfering side reactions do not occur. The details of these studies 
are now in press. Accordingly, we omitted aniline from the blank test 
and used the procedure described in this paper for evaluating residual color 


in the hydrolysate. 
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Data on the iron content of tissues and organs in varying meta- 
bolic states are scanty. Whipple and his associates (1, 2) have 
reported the analysis of the tissues of viviperfused dogs. No 
similar data are available on the rat. Wakeham and Halenz (3) 
have published values of the iron contents of tissues of normal and 
anemic rats, washed to free them of blood. This procedure is 
probably not so effective as viviperfusion in freeing the tissues of 
blood. Because of the high iron content of blood, Whipple and 
coworkers have emphasized the importance of freeing the tissues 
of their contained blood by viviperfusion in order to obtain 
reliable estimates of their cellular iron content. 

To perfuse the rat is quite difficult because of the small blood 
vessels of this mammal. In spite of this difficulty, a successful 
operation has been developed by the authors for the viviperfusion 
of the rat by introduction of a cannula in the external jugular 
vein. With proper care, the operation yields an adequate perfu- 
sion. 

The viviperfusion technique was developed in order to pursue 
a study of the metabolism of iron, with the radioactive isotope 
Fe as a tracer. Because of the paucity of published data, a 
series of analyses was carried out on the iron content of the tissues 
of normal, anemic, and iron-enriched rats freed from blood by 
viviperfusion. 
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Viviperfusion Technique 
The aim of the operation is to free the organs and tissues of blood 
by perfusing the vascular system with a modified Locke’s solu- 
tion, respiration and circulation being maintained until the blood 
is completely displaced. The modified Locke’s solution was 





Fic. 1. Diagram of rat showing injection of heparin and insertion of 
cannula for viviperfusion. 


composed of NaCl 0.92 per cent, KCl 0.042, CaCl: 0.024, NaHCO; 
0.015, and glucose 0.1. 

To carry out the operation, the rat is anesthetized with nembutal 
(dosage 4 mg. per 100 gm. of body weight by intraperitoneal in- 
jection) and is tied down on the operating board, as shown in 
Fig. 1. The skin and connective tissue are cut on a mid-line over 
the larynx, and the salivary glands are separated from each other. 
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Then either the left or right gland is pulled aside by gently severing 
the connective tissue fibers, care being taken not to sever any im- 
portant vessels. The tip of the gland and the skin are pinched 
together with a hemostat, and the latter is laid down so as to 
maintain a wide opening. The external jugular vein and its two 
upper branches are isolated for as great a length as is possible. 
This is done without cutting the muscles, as they help to hold 
the cannula in place. 

At this point the abdomen is slit longitudinally from the pubis 
to the thorax without touching the diaphragm, and a transverse 
cut is made toward the right side of the animal. The abdominal 
cavity is now cleared by delicately lifting out the viscera and 
placing them on the animal’s left side. This exposes the inferior 
vena cava, which is a comparatively large vessel. The anti- 
coagulant, heparin, is injected into the vena cava through a 
hypodermic needle. The needle is left in the vessel, the viscera 
are put back in place, and the opening is temporarily closed with a 
hemostat to prevent drying. 

The blood having been made incoagulable, the cannula is now 
inserted. A strong silk thread is passed under the jugular just 
above the clavicle, and the lumen of the vessel is collapsed by 
clamping the ends of the thread with a hemostat. Thin bulldog 
clamps are used to pinch off the two upper branches of the jugular. 
The vessel is grasped with a small forceps, and the jugular is slit 
at the point held by the forceps, as close as is possible to the 
branching of the jugular. The blood is wiped away and, with the 
right hand, a cannula is introduced as far toward the heart as 
possible, while the vessel is held by the forceps in the left hand. 
The hemostat holding the thread is then released, and the cannula 
temporarily tied in place with a single knot. The cock controlling 
the perfusion fluid is turned to allow a little of it to flow into the 
vein, as a test that the cannula has been inserted into the lumen. 
If there is no flow, one may try to direct the cannula so that its 
axis is coincident with the direction of the jugular as it dips toward 
the heart. When a good flow of saline is established, the cannula 
is fastened in place with a second knot. 

The hemostat closing the abdominal opening is now removed 
and the secondary and tertiary veins (iliac, femoral, etc.) are 
punctured. The hind limbs are released so as to allow a good 
circulation. 
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After 5 to 15 minutes perfusion, the heart may stop. It can be 
started again by opening the thorax along the mid-line and in- 
jecting a few tenths of a ml. of 1:1000 adrenalin solution into the 
heart cavity, and gently massaging the heart muscle to stimulate 
the ventricular contraction. 

The Straub single tube cannula, shown introduced into the 
jugular in Fig. 1, has the disadvantage of allowing a little air from 
the tip to flow into the circulation, producing small embolic 
hemorrhages here and there in the lungs. 

The cannula is filled with the Locke’s solution before being 
attached by rubber tubing to the saline reservoir. Air can be 
detached and withdrawn with a needle and syringe, by introducing 
the needle through the rubber tubing. The Locke solution reser- 
voir consisted of a Woulfe bottle, with an outlet at the bottom. 
It was inverted and fixed in place in an inverted Bell jar with a 
tubulated top, through which the tube feeding the Locke’s solution 
could be passed. Warm water was circulated through the Bell 
jar to maintain the Locke’s solution at body temperature. 

For the present work a group of animals was perfused on the 
same day, and the best organs were selected for chemical analysis. 
Imperfectly perfused tissues were discarded. Sometimes in an 
animal otherwise well perfused, a single organ, such as the lungs 
or testes, would be imperfectly perfused. In the lungs this may 
be due to gaseous embolisms, and in other tissues to regions of 
peripheral vasoconstriction that retard the flow of saline. 

Perfusion of the liver and other organs in the abdominal viscera 
can be greatly improved by injecting Locke’s solution under 
considerable pressure into the thoracic aorta and massaging the 
spots where blood still appears to be present. 

The general degree of perfusion of the different tissues and 
organs, their appearance, and the specific treatment that was 
followed in each case are briefly described below. 

Lungs—If introduction of air into the vessels while the cannula 
is held in place is avoided, and the circulation has been maintained 
for a sufficient time, the lungs appear perfectly white. Pink 
spots occasionally may be present owing to hemorrhages resulting 
from gaseous embolism. 

Heart—In a well perfused heart, the muscle appears decolorized 
and the coronary vessels are full of Locke’s solution. 
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Liver—Adequate perfusion turns the liver a whitish brown 
color. The tissue becomes quite soft through imbibition of saline. 
Perfusion of the liver can be greatly improved by injecting Locke’s 
solution into the portal vein and massaging the spots where blood 
still appears to be present. 

Kidney—This organ turns a whitish brown color and a perfectly 
clear saline solution flows from the open renal veins. 

Testes—These are quite difficult to free from blood. However, 
if they are brought out from the scrotum, they may be freed from 
a considerable quantity of blood by injections of saline into the 
abdominal aorta. On good perfusion, the testes will look almost 
completely white and, on removal of the capsule, the parenchyma 
will appear faintly pink. Occasionally, the main blood vessels 
still contain diluted blood, but these may be dissected out. 

Brain—This organ appears white, and the meningeal vessels 
are free of blood. 

Bone—The evaluation of the extent of perfusion in the bones is 
quite difficult; however, it can be presumed that a moderate 
degree of perfusion is attained. The diaphyses of the tibia and 
femur were taken apart after perfusion, and freed of bone marrow 
by means of a large syringe attached to the bone with transparent 
rubber tubing. The bone marrow is then washed away with an 
acidulated saline solution. The bones are sectioned with bright 
chrome-plated scissors, and freed, as much as possible, from bone 
marrow and periosteum, and finally washed again with saline. 

Bone Marrow—Perfused bone marrow appears lighter than the 
non-perfused. However, the degree of perfusion is not complete. 
For analysis the bone marrow is collected in very small crucibles. 

Spleen—After a thorough perfusion and injection of saline into 
the thoracic aorta, this organ appears paler than usual, and the 
vessels approaching it are free of blood. 

Intestinal Tract—A good perfusion completely frees all of the 
intestinal tract and the mesentery of blood. The injection of 
saline into the thoracic aorta improves the quality of the perfusion. 
Sections not completely free of blood may be separated from the 
rest of the small intestine. For analysis, the intestinal tract is 
separated from the mesentery, slit open, and the contents thor- 
oughly washed out. 

Muscle—After a good perfusion and injection of saline in the 
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lower aorta, the muscles of the thoracic walls appear whitish pink. 
The deeper muscles are less well perfused and are a deeper color. 
They were not used in the analysis. 


EXPERIMENTAL 


The iron was determined by oxidimetric titration with titanium 
trichloride, according to the method of Klumpp (4). Following 
perfusion, the tissues and organs intended for analysis were dis- 
sected out with bright chrome-plated instruments, and further 
washed by being placed in silica ware crucibles and covered with 
saline solution. Small cuts were made into the organs to allow 
for better washing. After about an hour, the saline was removed, 
the tissues rinsed, and the crucibles and contents placed overnight 
in an electric oven kept at between 90-100° in order todry. After 
drying, the crucibles and contents were weighed, and the tissues 
were dry-ashed in an electric muffle. Jackson (5) has pointed out 
that there is a possibility of loss of iron in the form of ferric chloride 
by dry ashing if the temperature is elevated too high. In the 
present work the initial temperature was maintained at 360° and 
was then allowed to rise slowly up to 700°. After from 12 to 20 
hours ashing, the samples were allowed to cool, and the ash was 
then dissolved with small portions of 6 nN HCI, heat being employed 
to complete the solution of the ash in the acid. 

Difficulties due to the presence of copper were encountered only 
with the liver, and only in this organ was the copper removed by 
precipitation with H,S, according to the procedure of Klumpp (4). 
A blank titration was run on all reagents to test for the possibility 
of iron contamination. 

The animals used for analysis consisted of normal rats from 
our stock colony, rats made anemic by being reared on a modified 
skim milk diet,' and iron-enriched rats. Iron enrichment was 
attained by feeding 1 mg. of Fe as ferric chloride daily to each rat, 
and keeping them at the reduced atmospheric pressure of 300 to 
400 mm. of Hg for about 1 month in the low pressure tanks of 
Professor E. 8. Sundstroem (6). 


184 per cent powdered skim milk (Klim), 15 per cent Crisco, and 1 
per cent cod liver oil. 1 mg. of crystalline thiamine chloride was added 
per 100 gm. of diet. The Fe content was from 4 to 7 mg. per kilo of food. 
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Analytical Results 


Viviperfusion generally causes some increase in the water con- 
tent of the tissues. This makes analytical values based on wet 
weight somewhat unreliable. Whipple and coworkers (1, 2) 
recognized this fact in their work, but regarded the increase in 


TABLE I 


Influence of Perfusion on Fresh Weights of Tissues from Three Male Rats, 
1 Year Old, Weighing 300 Gm. Each 




















Water content 
Organs ers gt 3 Ur =r rp > aoe: 2 
Found panoreed be Difference 
per cent per cent per cent 
Bone marrow 63.8 
S 40.0 33.6 +6.4 
Heart 82.3 77.6 +4.7 
Stomach 78.4 
81.7 
Small intestine 86.8 
83.1 
Large is 84.2 
80.1 
Kidney 83.4 77.1 +5.3 
82.0 77.1 +4.9 
Spleen 76.9 77.4 —0.5 
Liver 73.3 74.0 —0.2 
75.3 74.0 +1.3 
Lungs 80.3 81.6 —-1.3 
80.0 81.6 —1.6 
Testes 87.2 87.0 +0.2 
Muscle 79.5 76.2 +3.3 
76.8 76.2 +0.6 
Brain 80.6 77.5 +3.1 
| 79.6 77.5 42.1 





water content as a negligible factor with respect to the accuracy of 
the analysis. A comparison of the percentage water content of 
the tissues of three perfused male rats with data for the water 
content of similar animals, compiled by Donaldson (7), is given in 
Table I. The results in Table 1 show a water increase in most of 
the tissues on which comparison could be made. It is interesting 
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to note that the liver, which appeared to become water-logged 
and mushy during the perfusion, showed little water gain. 

The analytical values for the iron content of the tissues of nor- 
mal, anemic, and iron-enriched rats are summarized in Table II. 
The figures are reported both on a dry weight and moist weight 
basis. The dry weight values were obtained directly from weigh- 
ing the dry tissues, and the moist weight values were calculated 
from the dry weights, the water content given by Donaldson being 
used when it was available and the water content obtained in the 
series shown in Table I for tissues on which data in Donaldson’s 
work were not available. 

The trend of the values in Table II indicates that rats on diets 
deficient in iron show decreased iron in the tissues as compared to 
normal rats on the stock diet, while rats on diets supplemented 
with iron, and kept under reduced pressure, showed, in general, 
increased iron in the tissues. . 

The data are in good agreement with published values of 
Whipple and coworkers (1, 2) for the iron content of similar tissues 
in the dog. They are of the same order of magnitude, but gen- 
erally somewhat lower than those reported by Wakeham and 
Halenz (3). This might be expected, since the method of washing 
used by the latter authors is probably not so efficient as viwiper- 
fusion for freeing the tissues of blood. 

Because of the variability found in the iron content of tissues 
(Table II) and the small series analyzed, only large differences in 
the mean values between normal, anemic, and iron-enriched rats 
are probably significant. The great variation in the iron content 
of tissues has been emphasized by Hahn (8). 

Most strikingly depleted of iron by the anemia are the liver and 
spleen. Significant, but lesser, degrees of depletion are shown by 
the bones, heart, brain, and lungs. Much evidence is available 
that the liver and spleen have important functions in iron metabo- 
lism (8,9). It is interesting that the analysis of the bone marrow, 
also an important factor in iron metabolism, shows no significant 
alteration in the iron content of the anemic animals. A possible 
explanation for the maintenance of the iron content of the anemic 
bone marrow is that there is a mobilization of the iron of the body 
into the bone marrow for forced hemoglobin formation. 

Attempted enrichment of the body iron by iron feeding led to 





ga 


ee | 





TABLE II 





Austoni, Rabinovitch, and Greenberg 






























































| dssesessesesss 
eat §\ sous Qrnnrn st a a 
: 3 
be Eg ec denneesuusn 
iZ B° 3% S, a 7 > : 
a dl eatsedeadeiag 
$= | | BY AOA TAWA AA 
ah slenenencacesce 
3 2) 2 | RRZR°FARS~*SAS 
of|,| = rps 
eiSSiPl | wm awmceonacanann 
&| $2 °\s) SAGunaase°Ras 
= ~~ 
5 | 83 L Si bdbddrdkbdaed 
= PSOMANKYS 
= BSSh seRgrere 
= (g | Stet Mearnanmone 
ss 23 | Ge CS MS CD wt OH CU CR CR ot CE CU 
~ rv] =e .. 
E | 32 2 | SCHAWMOANAMOKHAON 
2 z2 js @.is Ca a " ‘ia 
a id = Slant ansmandon 
S/F) a Taga asetadae 
i T | AAOANTHOHOHHOS 
“= 
> | <2 | a seseecesseees 
SEG S°ra-Ra2ase?2? 
o | 
3/5 /2|,/S22e55see25e2 
z ee 5 @ RSSRSRASRRPRRA 
S| 22) [2 asad deddsade 
> £° 24a ves2senceaget 
: | |gl/ tat aeerneonaen 
3S > % S\SSogt Hern anwadana 
3| 33 | | Am hatnroanate 
B~ is aH OHTHONH HANAHAN M OD 
S| de ° $* 17 y ' 
a) 8 adgaiadadidadea 
& | 3= RASAHHBHAA HOR 
= L = 
z 54 al secsress2sese 
= gn si/SRES™"SttR*SSS 
~ MH } — 
§ e& ~~ 
si calki | 229e-ee-nenane 
S| 5 E SEERASLSSSOARA 
° 
2 | 23 bin dgdtaddddad 
a | ISSERMASSSWOLe 
C Pets se ee eee 
RESP eur * 
2 Pee. 
Seerertsset 
sp2egge8ieas& 
oS. -— be s 6 
gseeseseaseda 








25 





2 ae 

































26 Iron Content of Tissues 


significant increases in the iron content of bone marrow. The 
tissues that were most easily depleted, namely the liver and spleen, 
registered no gain. 


SUMMARY 


1. An operation has been devised for viviperfusion of the rat by 
which it is possible to obtain practically blood-free tissues for the 
estimation of the iron content of the tissue. 

2. Analyses have been carried out on the iron content of the 
tissues of normal, iron-deficient, and iron-enriched rats. 

3. The data, in general, show a decrease in the iron content of 
the tissues of anemic rats, the liver and spleen being most strongly 
depleted. 

4. Iron enrichment leads to an increase in the iron content of 
most of the tissues, the bone marrow showing the greatest gain. 
Iron enrichment did not significantly increase the iron content of 
the liver and spleen. 
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The discovery of artificially induced radioactive isotopes (1) 
and their easy preparation through the development of the cyclo- 
tron by Lawrence and collaborators (2) have provided a powerful 
tool for the study of metabolism through the use of “labeled” 
molecules. This tool has been successfully applied to the study 
of many of the biologically important mineral elements (3). The 
recent production of radioactive iron (4) offers the promise of 
employing this new technique as an aid in clearing up the enor- 
mous, but contradictory, literature on iron metabolism in normal 
and pathological conditions. 

Despite much conjecture, little definite knowledge is available 
about the mechanism of absorption and excretion, and the mech- 
anism for the transport and mobilization of the iron reserves of 
the organism. Recent reviews summarizing the present status 
of the subject have been published by Hahn (5) and by Heath and 
Patek (6). 

In the present work, with radioactive iron as an indicator, the 
absorption, distribution, and excretion of this element were studied 
in normal and iron-deficient rats.! 


Methods 


While the radioactive isotope, Fe®, offers hope of throwing new 
light on iron metabolism, the weakness of its radiation makes its 


1 Expiration of Dr. Austoni’s leave limited the scope of the investiga- 
tion and prevented carrying out as complete a study as had been planned. 
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quantitative estimation quite difficult. Furthermore, the 8-rays 
emitted are of a low energy and are readily absorbed (4). This 
difficulty is enhanced by defects in the chemico-analytical methods 
for the separation of iron, which are far from being satisfactory for 
biological material. 

Having begun a study of iron metabolism with labeled iron, the 
authors soon became aware of the necessity of standardizing the 
analytical technique for separating the iron and measuring its 
radioactivity. The reports published by Hahn, Bale, Lawrence, 
and Whipple (7) furnished us with further proof of this necessity. 
Thus, as a first step, a survey of methods was carried out and 
procedures were developed which appeared adequate for the 
present study, although they were by no means ideal. 

The radioactive iron used in this work was produced by bom- 
bardment of iron phosphide with deuterons in the cyclotron of the 
Radiation Laboratory of the University of California. The 
reaction that takes place is 


Fe + ,H* — »Fe* + ,H! 


The half life of Fe®* is 47 + 3 days, and its decay is depicted by 
the reaction 


«Fe — Co® + e- 


The iron was isolated from the iron phosphide by the procedure 
described by Livingood and Seaborg (4). In most cases, the iron 
was extracted as ferric chloride from HC] solution with ether, but, 
in several instances, recourse was had to the alternative procedure 
of precipitating the iron as ferric hydroxide. The purity of the 
different samples was established by determining the decay curves. 

The estimation of the radioactivity was carried out mainly with 
a Lauritsen electroscope, which proved sensitive enough for most 
purposes. Samples too weak for the electroscope were measured 
with an ionization electrometer (8). The experimental results 
are expressed either in arbitrary electroscope units,” or in terms of 
the per cent of total radioactive iron administered. 

Absorption of Radiation and Recovery of Iron—The experiments 
reported below were carried out in order to determine the most 


?1 unit is equivalent to the background discharge of the instrument, 
and is approximately equal to 1/1600 microcurie. 





—s= 2 2 @& 








M. E. Austoni and D. M. Greenberg 29 


suitable procedures for isolating the iron samples and measuring 
their radioactivity. 

Hahn and coworkers (7) carried out the majority of their 
activity measurements on solutions of their samples, using the 
method devised by Bale, Haven, and LeFevre (9). A test, the 
results of which are given in Table I, showed that this is an un- 
suitable procedure when the measurement is made with an electro- 
scope upon the sample contained in a Coors ashing capsule. 
In solution, as would be expected upon a priori grounds, the degree 
of 8-ray absorption is enormous. A reduction in the already low 
degree of radiation of the iron samples would greatly enhance the 
errors of the estimation. 

Because of the soft 6-rays emitted by iron, it appeared reason- 
able to suspect a considerable self-absorption by the inert iron in 
a radioactive preparation. The effect of inert iron and of certain 


TaBLe I 
Absorption of B-Rays from Fe** in Solution 

















| Dry Fei0s Fe dissolved in 1» HySQ, 
(1,66 mg. 
Fe) iml | 2ml. | 3m. | Smit. | Smi, 
Radioactivity, units........... 210 60 47 20 14 9.6 
Absorption, per cent........... | 0 (| 71.5 | 77.7 | 86.2 | 93.5 | 95.5 





combined anions was determined by adding varying amounts of 
FeCl; to a sample of radioactive FeCl; and measuring the radia- 
tion of the iron in the form of the chloride, hematite, magnetite, 
and sulfate. 

From the results obtained, which are given in Table II, it ap- 
pears that self-absorption by the inert iron can be of little con- 
sequence. Additions of far larger quantities of iron than were 
present in the initial labeled iron sample produced no measurable 
reduction in the radioactivity. On the contrary, the absorption 
of the anions seems quite important, the amount being dependent 
on the quantity of anion present. This test established the fact 
that conversion of iron to its oxides would yield a suitable medium 
for measuring the radioactivity of labeled samples. 

The degree to which the radiation of Fe is absorbed by the 
inorganic matter present in biological material was tested on 
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artificial salt mixtures, and on the ash of rat tissues to which a 
measured quantity of radioactive iron was added. Aliquot por- 
tions were evaporated in Coors ashing capsules, heated, and the 


TaB_e II 
Test of Absorption of Radioactivity by Iron and Tron Salts 





Radioactivity units; measured as 


Quantity jelteihinneection ae _ anand ilk 
of Fe FeCl dried FeO, sheated | FeO: + FesOs,| FeSOs+ |FesOs + Fer0,, 
heated to 700°’ Fex(SOs)st | heated to 750% 




















mg. i 

0.9§ 9” 6|~—s(101 100 i a 
1.9 100 =| 104.5 103 | 100 101 
29 | 9% | 101 100 | 98 101 
RS inh ui@h! dood | 99.5 95 100.5 
49 6|~—l88—C«d|«~Ssé0085 100 | 94 100.5 
5.9 93 | 103.5 | 103 | 9% 102 





* Inert FeCl, added to the active iron sample. 
t Samples represented in the preceding column dissolved in H,SO, and 


evaporated to dryness. 
t Sulfate samples converted to oxides by heating to 750°. 


§ Standard. 

















TaBLe III 
Absorption of Radioactivity of Iron by Inorganic Salts 
Heated Heated 
aut | 300-800" 700-780" 
Ae ae me ee" ee” 
Salt mixture*........ f ie 0 0 
o “ CA Per ati ae 3 3 
o * EE AMR ricer aus. dh ie | 50 11 12 
Tissue ash solution.......... eeeeeeel 2 9 14.5 
-” oe ee ek ee 17.5 13.5 
” = | eae ..-| 20) 22.5 27 





* The salt mixture contained K.HPO. 6. 63. gm., ‘NaHPO, 2. 56 gm., 
and CaCl, 0.8 gm. per 100 ml. 


radioactivity measured after cooling. Illustrative results are 
recorded in Table III. These tests showed that absorption of the 
radiation assumed larger proportions as the quantity of the inert 
inorganic matter increased. 
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The absorption of the radiation obtained by salt mixtures and 
tissue ash convinced us that isolation of the iron is necessary to 
obtain satisfactory results. This is especially true for those 
materials that are rich in inorganic matter, such as bone, carcass, 
feces, and food. Tests were carried out to determine the recovery 
of known quantities of labeled iron precipitated as ferric oxide and 


TaBLe IV 


Test of Relative Recovery of Radioactive Iron by Separation As Sulfide and 
AsH aytreniiy from Body Tissues 


| Heated at 300° as Fe:Os| Heated at 700° as FesO, 








Radio- | Radio- 
activity | Recovery activity Recovery 





ae 100 per cent pre 100 per cent 


Standard radioactive iron...... | 390 | 382 
25 ml. solution of tissue ash; Fes | | | 

















separation (I)*.. .| 300 76.9 316 82.7 
2mg. Fe carrier added; FeS sepa- a- | 

ARR ea A Spd a tae | 16.4 60.8 15.9 
2 mg. Fe carrier added; FeS sepa- | 

ration (IID) Lh zate ed Slee Baad 1.2 0.3 1.2 0.3 

TO eg | 365.2 | 93.6 | 378.0 | 98.9 
25 ml. solution of tissue ash; 

Fe(OH), separation (I).........| 320 82 334 87.5 





2 mg. Fe carrier added; Fe(OH), 
separation (II)................. 2.0 | 0.5 4.8 1.2 

















2 mg. Fe carrier added; Fe(OH); | 
separation (IID). 6.4 1.6 6.4 1.6 
Total recovery. it 0 ae 328.4 | 84.1 | 345.2 | 90.3 











* The roman numerals represent the number of precipitations. 


as ferric sulfide according to the method of Jackson (10). Such 
& recovery experiment is shown in Table IV. The results indi- 
cated that the best recovery is obtained by the sulfide precipitation 
method, with inert iron as a carrier. 

The experiments carried out to test the absorption and recovery 
of administered samples of iron led us to adopt the following 
technique of operation for this work. 
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Because of its greater convenience, the organic matter of the 
samples was removed by dry ashing. Jackson (10) has pointed 
out that there is a possibility of loss of iron in the form of ferrie 
chloride by dry ashing, especially in the presence of large amounts 
of potassium and sodium chloride. The possibility of such loss was 
minimized by carrying out the early heating at a low temperature 
(350-400°) and increasing it not to exceed 700°. An experimental 
test of this procedure with labeled iron showed that, if the early 
heating is carried out at low temperature, the iron can then be 
strongly heated without any loss. 

After ashing, the samples were dissolved in hot 6 N HCl. For 
isolation of the iron, aliquots of one-tenth or one-twentieth of the 
sample of bone, feces, or carcass were taken and the total dissolved 
ash for the other tissues. The pH was then adjusted with am- 
monia to the turning point of methyl] red, and the iron was pre- 
cipitated as the sulfide with H:S. This procedure is recommended 
by Jackson as a method of separating iron in the presence of 
phosphate. In the presence of large amounts of calcium phos- 
phate, such as occur in bone, carcass, and feces, a precipitate, 
probably of iron and calcium phosphate, came down during the 
neutralization. This was not large in quantity and was filtered 
off along with the precipitated iron sulfide. Because of the finely 
divided nature of the precipitate, the iron sulfide was filtered 
through a sintered glass filter covered with a layer of asbestos. 

After the first precipitation, a known amount of iron (1 to 2 mg.) 
was added to the filtrate to act as a carrier, and the iron was again 
separated by passing H2S through. On materials from which iron 
is difficult to separate, this operation was repeated a second time. 
Lastly, the collected iron precipitates were dissolved with hot 
6N HCl, and the total or aliquot portions were evaporated to dry- 
ness and heated to convert the iron to the oxide. The radio- 
activity was measured in this form. 

The total radioactive iron recovered from each animal was 
computed by adding the values for excreta and carcass to those 
for blood and tissues. Recovery was ordinarily 80 to 90 per cent 
of the iron administered. 


Plan of Experiments 


Experiments were carried out by administering radioactive iron 
to two groups of rats, normal and iron-deficient. The normal 
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animals were reared on our stock colony diet, while the other 
group was maintained on an iron-deficient diet composed largely 
of dried skim milk.* 

Hemoglobin values for each animal were determined at weekly 
intervals, with a Newcomer hemoglobinometer. At the time of 
administering the radioactive iron, the hemoglobin values for the 
normal rats ranged from 14.4 to 16.1 gm. per 100 ml. (85 to 95 
per cent) and for the anemic rats from 5.9 to 9.3 gm. per 100 ml. 
(35 to 55 per cent). 

The radioactive iron, in solution as ferric chloride, was admin- 
istered to the rats by stomach tube in doses of 2 to 8 mg. The 
size of the dose was governed by the weight of the rat and the 
radioactive strength of the sample. 

The animals were then placed in individual metabolism cages 
over a device permitting separate collection of urine and feces, 
and were fed the stock colony diet. 

A few of the normal animals were given radioactive ferrous 
sulfate instead of ferric chloride, but no significant difference in 
absorption was observed. 

After the desired period had elapsed, the rat was anesthetized, a 
blood sample was drawn, and the animal was viviperfused by the 
technique of Austoni, Rabinovitch, and Greenberg (11). The 
blood and desired tissues were separated and analyzed for their 
radioactive iron content. The radioactive iron in urine and feces 
was also determined. 

EXPERIMENTAL 


Absorption—The passage of the administered doses of radio- 
active iron along the gastrointestinal tract is shown in Fig. 1, in 
which the data represent the labeled iron of the viscera and their 
contents. Removal of iron from the stomach and small intestine 
required about 24 hours. The stomach showed a regular decre- 
ment in the radioactive iron with time. The peak in labeled iron 
concentration in the small intestine was obtained in the first 
sampling period (3 hours). How much earlier the peak may have 
appeared cannot be stated. Labeled iron was present in the large 
intestine very soon after its administration, considerable quantities 
appearing as early as 3 hours. 

* 84 per cent powdered skim milk (Klim), 15 per cent Crisco, and 1 per 


cent cod liver oil. 1 mg. of crystalline thiamine chloride was added per 
100 gm. of diet. The Fe content was from 4 to 7 mg. per kilo of food. 
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In the large intestine, the level of labeled iron reached a maxi- 
mum, and then decreased with time. This maximum was lower 
in the anemic rats, and occurred iater than in the normal 
rats. 

The curves of Fig. 1 show that the passage of iron through the 
gastrointestinal tract is slower in the anemic animals. This 
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Fig. 1. Rate of passage of radioactive iron through the gastrointestinal 
tract of normal and anemic rats. The curves of control animals are marked 
N and the points by squares; the curves of anemic animals are marked A 


and the points by circles. 


probably is the result of a hypotonicity of the gastrointestinal 
tract in the anemic animals. 

The anemic animals absorbed a larger fraction of the admin- 
istered iron. This has already been observed by Hahn and co- 
workers (7) on dogs, and might have been expected from the 
available knowledge on iron metabolism (5, 6). The possibility 
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exists that the delay in the passage of the iron through the gastro- 
intestinal tract may be a factor in the increased absorption. 

The time relationship found for the disappearance of iron from 
the stomach and small intestine agrees well with the absorption of 
iron deduced from the curves of serum iron obtained by Moore 
and coworkers (12). , 


EXCRETION OF RADIOACTIVE IRON 
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Fic. 2. Curves of the elimination of radioactive iron in feces and urine 
by normal and anemic rats. 


Excretion—The curves of the excretion of labeled iron in the 
feces and urine are plotted in Fig. 2. The more complete utiliza- 
tion of the orally administered iron by the anemic rats is deter- 
mined both by a greater degree of absorption and by a lessened 
degree of urinary excretion. The normal animals lost more iron 
both in the feces and in the urine. The bulk of the excretion 
occurred during the first 24 hours, and dropped to a small value 


thereafter. 
Over a 10 day period the normal animals lost about 60 per cent 

















36 Iron Metabolism 


and anemic animals about 50 per cent of the administered iron 
in the feces. The urinary excretion in the same period was about 
10 per cent for the normal and only about | per cent for the 


anemic animals. 
Distribution—In an evaluation of the relative importance of the 


different body tissues for the iptake and storage of ingested iron, 
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Fic. 3. Specific accumulation of radioactive iron by certain viscera of 
normal and anemic rats. Specific accumulation is represented in terms 
of per cent of the administered dose per gm. of fresh tissue. 


a distinction must be made between those tissues which show a 
high specific accumulation per gm. of tissue, but which are small in 
size, and those tissues with a low specific accumulation, but which 
represent a large fraction of the mass of the body. 

The curves for the specific accumulation of the major viscera 
and tissues of the body, in terms of the uptake of administered iron 
in per cent of dose administered per gm. of fresh tissue, are plotted 
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in Figs. 3 and 4. They fall into three groups according to the 
order of magnitude of the specific accumulation. The highest 
specific accumulation occurred in bone marrow, blood, and spleen. 
An intermediate group is represented by the liver, heart, kidney, 
and lungs. Lowest values were obtained for the brain and, in 
normal animals, for bone and muscle. 
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Fig. 4. Specific accumulation of radioactive iron by certain tissues of 
normal and anemic rats. Specific accumulation is represented in terms 
of per cent of the administered dose per gm. of fresh tissue. 





Although they have a high specific accumulation, the spleen 
and the liver account for but a small fraction of the absorbed iron 
even in the anemic animals. On the other hand, muscle, despite 
the low specific accumulation, accounts for a considerable quantity 
of the absorbed iron. 

Figs. 3 and 4 show that the lag in the rate of absorption of iron 
in the anemic rats, deduced from the change in the gastrointestinal 
contents, is reflected in the curves of accumulation of most of the 


tissues. 
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Curves of the total accumulation of labeled iron are given in 
Fig. 5 for certain tissues which play an important réle in iron 
storage. The values for total muscle and blood in the body were 
calculated from the percentage amounts of these tissues in the rat 
as given by Donaldson (13). From Fig. 5 it may be seen that the 
blood and total muscle, particularly in anemia, store by far the 
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Fie. 5. Total accumulation of radioactive iron by tissues of major 
importance in iron metabolism in normal and anemic rats. The accumu- 
lation is represented in terms of per cent content of administered dose of 
radioactive iron. 


greatest amount of the absorbed iron. In comparison, the total 
uptake of the spleen and liver is relatively small. The bone 
marrow also must be considered as an important storage site. 
This is indicated by its high specific accumulation value (Fig. 4). 
Since it is difficult to determine the total marrow content of the 
body, it was not possible to estimate the total amount of the 
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administered radioactive iron that was stored in this tissue in the 
experimental rats. 


DISCUSSION 


The present investigation represents the first reported study of 
the passage of iron through the gastrointestinal tract with radio- 
active iron as a tracer. Also the distribution of labeled iron was 
determined in a number of tissues not covered by Hahn and co- 
workers (7) in their published work with radioactive iron. 

The results of this investigation, in general, are in agreement 
with the accepted views concerning iron metabolism (5, 6). The 
data confirm the already known importance of the bone marrow, 
blood, liver, and spleen for iron metabolism. They indicate an 
importance of the muscles for the storage of iron in anemia which 
has hitherto not been brought to light. Fig. 5 shows that, after 
10 days, about 25 per cent of the administered iron had accumu- 
lated in the muscles. This represents about half of the iron ab- 
sorbed. Some, but not much, of the iron in the muscles may be 
due to contained blood, as the muscles are difficult to perfuse 
thoroughly. Hahn and Whipple (14), although they were able 
to account for only half of the intravenously injected colloidal 
iron hydroxide in the perfused tissues of an anemic dog, could find 
no storage of iron in the muscles. The colloidal iron was admin- 
istered over a 2 day period, and the dog was sacrificed and per- 
fused about a day later. It should be noted that this interval of 
time just preceded the increase in the labeled iron of muscles of 
the anemic rats. The discrepancy in the findings points to the 
need of a further study of the storage of iron by muscles. 

The significant conclusion of Hahn and coworkers (7) that, 
“The need of the body for iron in some manner determines the 
absorption of this element,’’ has been confirmed by the greater 
absorption of labeled iron observed in anemic rats. As has already 
been pointed out, the slower passage of iron through the gastro- 
intestinal tract of the anemic animals may be a factor in the greater 


absorption. 


We are indebted to the generosity of Professor E. O. Lawrence 
and Dr. M. D. Kamen of the Radiation Laboratory of the Univer- 
sity of California for the radioactive iron used in these experiments. 
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Technical assistance was furnished by the personnel of the Works 
Progress Administration (Official Project No. 65-1-08-62). 


SUMMARY 


1. With radioactive iron as an indicator, the absorption, dis- 
tribution, and excretion of this element were studied in normal 
and iron-deficient rats. 

2. It required about 12 hours for a single dose of iron to pass 
from the stomach and small intestine. Passage through the gas- 
trointestinal tract was significantly slower in the anemic rats. 

3. The anemic animals eliminated less of the administered iron 
in both feces and urine. During a 10 day period, the normal 
animals retained about 30 per cent of the administered iron, 
while the anemic animals retained 50 per cent. The greater part 
of the elimination through the feces and urine took place within 
48 hours. 

4. The specific accumulation of the absorbed iron per gm. of 
tissue was greatest in the bone marrow, blood, spleen, liver, and 
heart. The total accumulation was greatest in muscle and blood, 
particularly in anemic rats. After 10 days, the radioactive iron 
had nearly disappeared from the muscle and blood of the normal 
rats, but showed marked accumulation in the muscle (25 per cent 
of administered dose) and blood (14 per cent of administered dose) 
of the anemic animals. 
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THE OXIDATION OF /(—)-ASPARTIC AND /(+)-GLUTAMIC 
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FROM BAKERS’ YEAST BY THE METHOD OF WAR- 
BURG AND CHRISTIAN 
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(From the Department of Biochemistry, Duke University School of Medicine, 
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The organism, Hemophilus parainfluenzae, requires factor V as 
an essential nutrient (1). It has been shown that di- and tri- 
phosphopyridine nucleotides can serve as factor V (2). When 
the bacteria have utilized the available factor V, growth and the 
ability to perform those functions requiring pyridine nucleotide 
cease. If pyridine nucleotide is added to the bacteria, their 
ability to grow and carry out various reactions is restored. Either 
nucleotide can be added, since they are interconvertible in the 
bacteria (2). 

In the present work the oxidation of amino acids by Hemophilus 
parainfluenzae has been studied. It was found that [(+)-glu- 
tamic and I(—)-aspartic acids were oxidized, and that the oxida- 
tions required pyridine nucleotide. An attempt to determine 
which nucleotide was required in the oxidations was not successful. 
Data were obtained which indicate that 1(+)-glutamic and l(—)- 
aspartic acids were oxidized according to Equations I and II 
respectively. 

I. 1(+)-Glutamie acid + 240, — acetic acid + NH; + 3CO, 
II. 1(—)-Aspartic acid + O, — acetic acid + NH; + 2CO, 


An analysis was made of the steps in the oxidations of the amino 
acids to acetic acid. Data were obtained which suggest that the 
reactions may proceed through the intermediates indicated in the 
series of Equations III and IV. 
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The series of reactions postulated is based upon the following 
observations. The oxidations of the substrates indicated in steps 
(d), (e), (f), (A), and (2), Equation III, and those indicated in 
steps (c) and (d), Equation IV, proceed with an uptake of oxygen 
and carbon dioxide production in agreement with the equations. 
Acetic acid was detected as at least one end-product of the oxida- 
tion of each substrate. Steps (a), (f), and (7), Equation III, and 
steps (a) and (d), Equation IV, require pyridine nucleotide. 
Alanine was not oxidized. Therefore, the oxidation of l(—)- 
aspartic acid could not proceed through alanine; ¢.e., by decarbox- 
ylation at carbon atom 4. Decarboxylation of 1(+)-glutamic 
acid at carbon atom 5 to form a-aminobutyric acid is unlikely, 
since no other amino acid was oxidized. Decarboxylation of the 
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half aldehyde of succinic acid at carbon atom 4 and oxidation of 
the aldehyde to propionic acid or the formation of propionic acid 
from succinic acid is precluded, since propionic acid was not 
oxidized. Decarboxylation of oxalacetic acid at carbon atom 1 
and oxidation of the aldehyde to malonic acid are not possible, 
since malonic acid was not oxidized. Malonic acid, which inhibits 
the oxidation of succinic acid (3), also inhibits the oxidation of 
l(+)-glutamic acid. Succinic acid as an intermediate in the 
oxidation of the amino acid therefore seems probable. 

Most of the reactions postulated have been shown to occur in 
biological material. /(+)-Glutamie acid is oxidized to a-keto- 
glutaric acid by animal tissue (4), bacteria (5), and plants (6). 
a-Ketoglutaric acid is converted to succinic acid by animal tissue 
(7). Suecinic acid is oxidized to fumaric acid by animal tissue (8) 
and bacteria (3). Fumaric acid is converted to l(—)-malie acid 
by animal tissue (8) and bacteria (9). l(—)-Aspartie acid is 
oxidized to oxalacetic acid by animal tissue (10). 1(—)-Malic is 
oxidized to oxalacetic acid by animal tissue (11) and bacteria (12). 
Oxalacetic acid is converted to pyruvic acid by animal tissue (13) 
and bacteria (14). Pyruvie acid is converted to acetaldehyde by 
animal tissue (15) and yeast (16) and to acetic acid by animal 
tissue (17), bacteria (18, 19), and yeast (20). Acetaldehyde is 
oxidized to acetic acid by animal tissue (21) and bacteria (22). 
All of the oxidations, except that of succinic to fumarie acid and 
that of /(—)-aspartic to oxalacetic acid, have been shown to 
require pyridine nucleotide. 

The present data do not exclude dismutations of the type demon- 
strated anaerobically in Bacterium coli (23, 19) as the mechanism 
of the oxidation of any of the substrates; e.g., pyruvic acid. The 
oxidation of pyruvic acid may be as demonstrated for gonococci 
(18), z.e. pyruvic acid + 40, — acetic acid + COs, or through 
acetaldehyde as indicated in Equation III. It has not been 
demonstrated whether the conversion of a-ketoglutarie acid to 
succinic acid proceeds in one or two steps. 

The following amino acids were neither oxidized nor hydro- 
lytically deaminated under the conditions of the experiments: 
the di form of leucine, tyrosine, phenylalanine, methionine, cystine, 
alanine, valine, isoleucine, proline, serine; the / form of histidine, 
diiodotyrosine, tryptophane, dihydroxyphenylalanine; d(+)-as- 
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partic acid; and glycine. It has been stated that the bacteria 
will oxidize dl-valine (2). 


Methods and Material 


The bacteria employed were from a subculture of Hemophilus 
parainfluenzae, Strain 4101, National Collection of Type Cultures, 
Lister Institute, London. The stock cultures were grown in a 
medium containing per 100 ml. 2 gm. of proteose-peptone (Difco), 
0.6 gm. of sodium chloride, 0.1 gm. of sucrose, 0.04 gm. of fumaric 
acid, and sufficient sodium hydroxide solution to produce a pH 
of 7.8. Factor V, prepared from yeast, was added in excess (24), 

If no factor V is added to the medium, no growth will occur. 
When small amounts are added, the growth is proportional to the 
amount added (24, 25), and at the end of the growth period the 
cells are deficient in factor V (2). 

For the experiments described below 1 ml. of 24 hour stock 
culture was added to 200 ml. of medium containing 1 ml. of factor 
V preparation, representing the hot aqueous extract of approxi- 
mately 5 X 10-* gm. of bakers’ yeast. After incubation at 37° 
for 12 to 20 hours, the bacteria were centrifuged out of the medium. 
They were suspended in 25 ml. of a solution of 0.9 gm. of sodium 
chloride per 100 ml., and again centrifuged. They were then 
suspended in 20 ml. of Ringer-phosphate solution, pH 7.4. 1.5 ml. 
of this suspension were used in each vessel. 

Oxygen uptake and carbon dioxide production were measured 
manometrically in the usual Warburg apparatus. At the end of 
the manometric measurements 0.2 ml. of 20 gm. per 100 ml. 
trichloroacetic acid was added. The bacteria were removed by 
filtration. Ammonia was determined by nesslerizing an aliquot 
of the filtrate. Acetic acid was detected by the use of the lan- 
thanum test (26). The concentration of acetic acid in a typical 
experiment was too low to be detected directly. The contents of 
several vessels were combined, and the bacteria removed by 
centrifugation. The fluid was made alkaline with sodium hy- 
droxide solution and evaporated to a volume of 0.5 ml. The 
reagents were added in the proportions described. Under these 
conditions the test for acetic acid was obtained. It was quantita- 
tively determined by titrating the steam-volatile acids with 
standard alkali. 

The pyridine nucleotides were prepared from bakers’ yeast by 
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a combination of the methods of Warburg and Christian. The 
purity of the diphosphopyridine nucleotide was 42 per cent (of 
the triphosphopyridine nucleotide 10 per cent) as estimated from 
their nicotinic acid content. The method of preparation is de- 
scribed in the “Appendix.” 


EXPERIMENTAL 


In Table I are given typical data obtained with each of the 
substrates studied. The ratio, moles of oxygen used to moles of 
substrate employed, is a measure of the extent of the reactions. 
The agreement of the observed values with those predicted by 
Equations I to IV is probably within the experimental error. 
If the apparent incomplete oxidations are real, the reactions 
postulated account for at least the greater part of the substrate 
used. The observed ratios, moles of oxygen used to moles of carbon 
dioxide produced to moles of ammonia produced, are likewise in 
reasonably good agreement with those calculated from Equations 
I to IV. 

Acetic acid was detected by the lanthanum test in the case of 
each of the substrates employed. Acetic acid was not oxidized 
by the bacteria. Propionic acid, which also gives the lanthanum 
test (26), was not oxidized. 

In Figs. 1 to 3 are shown the rates of oxidation of some of the 
substances studied. For comparison the rate of oxidation of 
glucose is included in Fig. 1. The magnitude of the control 
respiration is also shown. 

With some preparations of bacteria the rates of oxidation were 
independent of the concentration of the substrate (cf. Fig. 2) and 
the kind of substrate (cf. Fig. 1). This was not invariably the 
case (cf. Fig. 3). The factors producing this difference between 
various preparations were not determined. 

It is stated that the rate of methylene blue reduction is much 
greater in the presence of glucose than in the case of other sub- 
strates (2). In the present experiments the rate of oxidation of 
the various substrates was of the same order as glucose. 

Oxidation of l(—)-Aspartic Acid—The data in Table I show that 
the oxidation of l(—)-aspartic acid proceeds with an oxygen 
uptake and carbon dioxide and ammonia production in agreement 
with Equation II. 

For a quantitative estimation of acetic acid production 15 ml. 
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TaBie | 
Oxidation of 1(—)-Aspartic, 1(+)-Glutamic, Succinic, Fumaric, dl-Malic, 
and Pyruvic Acids and Acetaldehyde by Hemophilus parainfluenzae 


Each vessel contained 1.5 ml. of a suspension of bacteria in Ringer- 
phosphate solution, pH 7.4; 0.2 ml. of a solution of pyridine nucleotide 
(containing 0.2 mg. of triphosphopyridine preparation or 0.05 mg. of 
diphosphopyridine nucleotide preparation) or Ringer-phosphate solution. 
The bacteria in each vessel represent one-thirteenth of the amount ob- 
tained from 200 ml. of medium. The side arm contained the substrate dis- 
solved in 0.3 ml. of Ringer-phosphate solution. The temperature was 37.5°. 
The vessels were filled with air. The duration of the experiments was from 
1.5 to 4 hours. The appropriate control values have been subtracted. 
Except where indicated, the oxidation did not occur unless pyridine nucleo- 
tide was added. The oxidations occur with either nucleotide. 
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of the usual suspension of bacteria were incubated, with shaking 
at 37.5°, in the presence of 10 mg. of 1(—)-aspartic acid. After 
4 hours the bacteria were removed by centrifugation. The solu- 
tion was transferred to a distilling flask, and 2 ml. of 18 n sulfuric 
acid added. The material was distilled and 10 ml. of distillate 
collected. The distillate was titrated with 0.05 n sodium hydrox- 
ide, with phenolphthalein as an indicator; 1.45 ml. were used. 
Therefore 0.0752 mm of aspartic acid was oxidized to 0.073 mm 
of steam-volatile acid. The agreement of the observed value 
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Fic. 1. The rate of oxidation of aspartic acid and glucose and the effect 
of added pyridine nucleotide. The plan of the experiment was as given 
in Table I. Curve A, 1 mg. of glucose plus 0.2 mg. of triphosphopyridine 
nucleotide; Curve B, 0.5 mg. of aspartic acid plus 0.2 mg. of triphosphopyri- 
dine nucleotide; Curve C, 0.25 mg. of aspartic acid plus 0.2 mg. of triphos- 
phopyridine nucleotide; Curve D, 1.0 mg. of glucose; Curve E, bacteria 
plus nucleotide without substrate; Curve F, bacteria without nucleotide 
and substrate; Curve G, bacteria plus 0.5 mg. of aspartic acid. 


with that predicted by Equation II indicates the validity of the 
latter. 

The data in Table I show that the oxygen uptake in the presence 
of dl-aspartic acid is that expected if one isomer is oxidized. 
Since the 1 isomer is oxidized, it must be concluded that the 
dform is not. None of the other amino acids tried was oxidized. 
This indicates that the bacteria do not contain the d-amino acid 
oxidase or that the amino acids cannot penetrate the cells. It 
has been shown that Bacillus proteus and Bacillus pyocyaneus can 
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oxidize certain d-amino acids, but not others (27, 28). This 
indicates that the failure to oxidize a given amino acid may not 
be due to a lack of the necessary system. 
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Fic. 2. The rate of oxidation of 1(—)-aspartic acid and /(+)-glutamie 
acid. The plan of the experiment was as given in Table I. The diphos- 
phopyridine nucleotide preparation was used. Curve A, 0.2 mg. of aspartic 
acid plus 0.2 mg. of glutamic acid; Curve B, 0.2 mg. of glutamic acid; Curve 
C, 0.4 mg. of aspartic acid; Curve D, 0.2 mg. of aspartic acid; Curve E, 
bacteria without substrate. 

Fic. 3. Inhibition of the oxidation of succinic and glutamic acids by 
malonic acid. The triphosphopyridine nucleotide preparation was present 
except when indicated. The appropriate control uptakes have been sub- 
tracted. Curve A, 0.5 mg. of l(+)-glutamic acid; Curve B, 0.5 mg. of 
succinic acid; Curve C, 0.5 mg. of succinic acid plus 0.5 mg. of malonic acid; 
Curve D, 0.5 mg. of glutamic acid plus 0.5 mg. of malonic acid; Curve E, 
0.5 mg. of succinic acid, no nucleotide added; Curve F, same as for Curve 
E plus 0.5 mg. of malonic acid. 


By use of the anaerobic methylene blue technique it has been 
shown that Hemophilus parainfluenzae can oxidize asparagine (2). 
This oxidation requires pyridine nucleotide. 

l(—)-Aspartic acid was not oxidized by the bacteria unless 














J. R. Klein 51 


pyridine nucleotide was added. The rate of oxidation was inde- 
pendent of the kind of nucleotide added. This indicates that the 
rate of interconversion of the nucleotides is greater than the rate 
of oxidation of the amino acid. 

Oxidation of l(+)-Glutamic Acid—The data in Table I indicate 
that the oxidation of 1(+)-glutamic acid proceeds with an oxygen 
uptake and carbon dioxide and ammonia production in agree- 
ment with Equation I. In a large scale experiment similar to 
that described in the case of aspartic acid, 0.068 mm of I(+)- 
glutamic acid was converted by the bacteria into 0.062 mm of 
steam-volatile acid. These data indicate the validity of Equa- 
tion I. 

The bacteria did not oxidize the amino acid unless pyridine 
nucleotide was added. As in the case of aspartic acid the rate of 
oxidation was independent of the kind of nucleotide added. It 
has been shown that the oxidation of 1(+)-glutamic acid by other 
bacteria requires triphosphopyridine nucleotide (5). 

Specificity of Enzyme Systems Oxidizing Aspartic and Glutamic 
Acids—If two different systems are employed in the oxidation of 
the amino acids, summation of the rates to a certain extent might 
be expected when both substrates are present. In Fig. 2 data 
bearing upon this point are given. Fig. 2 shows that the rate of 
oxidation of glutamic plus aspartic acid was somewhat greater 
than the individual rates and that the rate of oxidation of aspartic 
acid was not increased by an increase in concentration of the 
substrate. This may indicate that two different enzyme systems 
are concerned in the oxidation of the two amino acids. 

Oxidation of Succinic, Fumaric, and dl-Malic Acids—It has been 
shown by the methylene blue technique that the oxidation of 
succinic acid by the bacteria does not require pyridine nucleotide 
(2). As indicated by the data in Table I and Fig. 3, this applies 
to the oxidation of succinic to fumaric acid. Further oxidations 
of the fumarate require the nucleotide. 

The data in Table I show that only one isomer of dl-malic acid 
was oxidized. Since the course of the oxidation of fumaric and 
of malic acid was the same, it may be suggested that the bacteria, 
in common with others and mammalian tissue, contain fumarase. 

Oxidation of Pyruvic Acid and Acetaldehyde—The data in Table I 
show that, in the presence of added nucleotide, the greater part 
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of the pyruvic acid was oxidized, as suggested in Equation III 
or IV. The significance of the experiments without added 
nucleotide is not clear. The data suggest that pyruvic acid is 
slowly oxidized by the cells, and that carbon dioxide production 
is a function of that oxidation and some other factor. This reac- 
tion will be studied further. 

The observed oxygen uptakes with acetaldehyde were con- 
siderably less than would be expected from Equation III or IV. 
Some of the substrate added probably disappears, owing to its 
volatility. The significant finding was that no carbon dioxide 
was evolved. 

Effect of Malonic Acid upon Oxidation of I(+)-Glutamic and 
Succinic Acids—Malonic acid is considered a specific inhibitor of 
the oxidation of succinic acid (3). In Fig. 3 is shown the effect 
of maloniec acid upon the oxidation of glutamic and succinic acids 
by the bacteria. 

Fig. 3 shows that the oxidation of succinic acid is inhibited by 
malonic acid. Likewise the oxidation of glutamic acid is inhibited 
by malonic acid. This suggests that succinic acid is one of the 
intermediates in the oxidation of glutamic acid. The oxidation of 
l(—)-aspartic acid was not inhibited by malonic acid. 

The ammonia liberated from the glutamic acid in the presence 
of malonic acid was approximately 20 per cent of the theoretical 
amount. This indicates that the mechanism of the inhibition is 
probably somewhat more complex than a simple inhibition of the 
oxidation of succinic acid. Otherwise it might be expected that 
all of the ammonia would be liberated, and that the succinic acid 
would accumulate. 


SUMMARY 


The oxidation of amino acids by Hemophilus parainfluenzae has 
been studied. Of those tested only l(—)-aspartic and 1(+)- 
glutamic acids were oxidized in Ringer-phosphate solution. 

l(—)-Aspartic acid was oxidized with the uptake of 1 mole of 
oxygen, the production of 2 moles of carbon dioxide, 1 mole of 
ammonia, and 1 mole of acetic acid. 

l(+)-Glutamic acid was oxidized with the uptake of 2.5 moles 
of oxygen, the production of 3 moles of carbon dioxide, 1 mole of 
ammonia, and | mole of acetic acid. 
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Succinic acid, which is postulated as one of the intermediates 
in the oxidation of glutamic acid, was oxidized with the uptake 
of 1.5 moles of oxygen and the production of 2 moles of carbon 
dioxide. 

Fumaric and malic acids, which are postulated as intermediates 
in the oxidation of glutamic acid, were oxidized with the uptake 
of 1 mole of oxygen and the production of 2 moles of carbon 
dioxide. 

Pyruvic acid, which is postulated as an intermediate in the 
oxidation of both amino acids, was oxidized with the uptake of 
0.5 mole of oxygen and the production of 1 mole of carbon dioxide. 

Acetaldehyde, postulated as an intermediate in the oxidation of 
both amino acids, was oxidized with the uptake of 0.5 mole of 
oxygen. 

Acetic acid was detected as the end-product of the oxidation of 
each of the substrates tested. 

Acetic, malonic, and propionic acids were not oxidized. 

The oxidation of succinic and glutamic acids was inhibited by 
malonic acid. 

The first step in the oxidation of succinic acid, which required 
0.5 mole of oxygen, did not require added pyridine nucleotide. 
The complete oxidation of pyruvic acid required added nucleotide. 
This acid was partially oxidized without added nucleotide. The 
oxidation of all of the other substrates required pyridine nucleotide. 


I am grateful to Dr. Henry Irving Kohn for providing the initial 
impetus necessary for this work, and for generous aid in the 
preparation of the bacteria. I am indebted to Mr. E. Levy and 
Mr. H. Sarett for the nicotinic acid analyses of the pyridine 
nucleotides. 


APPENDIX 


Note on the Preparation of Pyridine Nucleotides from Bakers’ 
Yeast by the Method of Warburg and Christian 


Warburg and Christian (29) found that a phenol extract of an 
aqueous bakers’ yeast preparation contained flavin-adenine di- 
nucleotide and the pyridine nucleotides. The preparation of the 
flavin-adenine dinucleotide was described. The method for the 
preparation of the pyridine nucleotides was patented ((29) p. 161). 
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Since a description of the method for the preparation of the 
pyridine nucleotides was not available, the following procedure 
was evolved. It is based upon the methods described by War- 
burg and Christian (29, 30). 

Test for Total Pyridine Nucleotides—Factor V assays were used 
as a measure of the total pyridine nucleotides present in the 
various fractions. The method has been given (24, 25). 

Test for Diphosphopyridine Nucleotide—The test is based upon 
the fact that the oxidation of lactic acid by animal tissue requires 
diphosphopyridine nucleotide (31). All of the following steps were 
carried out with ice-cold materials or in the refrigerator. 

A rat liver was ground with sand and 70 ml. of 0.01 m disodium 
hydrogen phosphate solution. The mixture was squeezed through 
muslin. 70 ml. of saturated ammonium sulfate were added. 
After the protein had begun to flocculate, the mixture was centri- 
fuged at 4000 to 5000 R.p.m. The precipitate was suspended in 
50 ml. of 0.01 m disodium hydrogen phosphate solution; 25 ml. 
of saturated ammonium sulfate were added. 0.2 nN hydrochloric 
acid was added slowly with shaking until the pH was approxi- 
mately 3 (Congo red paper). The mixture was centrifuged. The 
precipitate was suspended in 10 ml. of 0.04 m disodium hydrogen 
phosphate solution. Enough 0.2 m sodium hydroxide solution 
was added to bring the pH to approximately 7.4. This material 
did not oxidize lactic acid. When flavin-adenine dinucleotide 
and diphosphopyridine nucleotide were added, the preparation 
oxidized lactic acid. The data in Table II illustrate the test. 

Separation of Flavin-Adenine Dinucleotide and Pyridine Nucleo- 
tides—A hot aqueous extract of 20 pounds of bakers’ yeast 
(Fleischmann’s) was prepared. It was extracted with liquid 
phenol. The flavin and pyridine nucleotides were extracted from 
the phenol fraction with water. The flavin-adenine dinucleotide 
was precipitated in acid solution as the silver salt. All of the 
above steps were carried out as described by Warburg and 
Christian (29). The filtrate obtained after the removal of the 
silver salt of the flavin contains the pyridine nucleotides. 

To the filtrate were added 100 ml. of 20 gm. per 100 ml. 
mercuric acetate solution. Solid barium hydroxide was added 
with vigorous stirring until the mixture was just acid to litmus 
paper. The mixture was let stand in the refrigerator until the 
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precipitate had begun to settle. The precipitate was collected 
by centrifugation. It was washed twice with 20 ml. portions of 
0.5 gm. per 100 ml. mercuric acetate solution. The precipitate 
was suspended in 200 ml. of water. Hydrogen sulfide was passed 
through the mixture for 1 hour. The mixture was centrifuged 
and the supernatant liquid removed. The precipitate was sus- 
pended in 100 ml. of water, treated with hydrogen sulfide, and 
the supernatant fluid collected. This treatment was repeated 
twice more. The combined supernatant liquids had a volume of 
about 500 ml. 


TaBLe II 
Effect of Addition of Flavin and Pyridine Nucleotide upon Oxidation of 
Lactate by Rat Liver Preparation 

The oxygen uptakes were measured manometrically at 37.5°. The ves- 
sels were filled with air. The insets contained alkali. 0.2 ml. of the flavin 
preparation contained approximately 200 y of the nucleotide; 0.2 ml. of 
the diphosphopyridine nucleotide preparation contained approximately 
100 y of the nucleotide; 0.4 ml. of the lactate solution contained 4 mg. of 
lithium dl-lactate. The triphosphopyridine preparation in equivalent 
quantities was not active. 
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Flavin e iat «io Diy | 0.2 0.2 
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aa a he 06 | O04 | 0.4 0.2 
Lactate solution, ml...............| 0.4 | 0.4 0.4 0.4 
O; uptake, ul. per 30 min.......... 3 | 6 | 4 35 








Precipitation of Pyridine Nucleotides by Acetone—The filtrate 
was concentrated in vacuo to about 150 ml. 5 volumes of acetone 
were added. The mixture was kept in the refrigerator until the 
precipitate had settled. The precipitate was collected by centrif- 
ugation. The liquid was concentrated in vacuo to about 40 ml. 
5 volumes of acetone were added. The precipitate formed was 
collected and added to the first. 

Based upon the factor V assay the combined precipitates con- 
tained approximately 75 per cent of the initial pyridine nucleo- 
tides. 
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Separation of Pyridine Nucleotides—The precipitate contained 
about 3 gm. of pyridine nucleotides. It was dissolved in 1000 ml. 
of water. The solution was treated with barium acetate and 
hydroxide and the barium salt of triphosphopyridine nucleotide 
precipitated by alcohol. The separation was carried out as de- 
scribed by Warburg and Christian (30). The addition of the 
barium salts did not produce an appreciable precipitate, since the 
adenine nucleotides were removed by the initial precipitation with 


silver nitrate. 
One precipitation of each nucleotide with mercuric acetate 


and one with acetone were carried out as described (30). 

The yield was 2.5 gm. of triphosphopyridine nucleotide of 10 per 
cent purity, and 0.8 gm. of diphosphopyridine nucleotide of 42 per 
cent purity. The purity was based upon the nicotinic acid 
content. 

The details necessary for further purification of the nucleotides 


have been adequately described (30). 
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THE RESPONSE OF LIPID METABOLISM TO ALTERA- 
TIONS IN NUTRITIONAL STATE 


I. THE EFFECTS OF FASTING AND CHRONIC UNDERNUTRITION 
UPON THE POSTABSORPTIVE LEVEL OF THE BLOOD LIPIDS* 


By C. ENTENMAN, G. W. CHANGUS, G. E. GIBBS, anp 
I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, 
Berkeley) 


(Received for publication, February 13, 1940) 


Although observations dealing with the influence of nutrition 
upon one or other lipid constituent of the blood have repeatedly 
appeared, no systematic treatment in which all lipid constituents 
were simultaneously studied during changes in nutritional state 
commonly met with in the laboratory is at present available. 
Data concerning the maximum fluctuations that can occur in the 
level of the various lipid constituents of blood and liver during 
alterations in the caloric intake are necessary for the interpretation 
of lipid changes encountered; for example, in endocrine and vita- 
min disturbances. The observations so far reported are not con- 
sistent, owing probably to variations in the lipid methods employed 
as well as in the animal species studied (1-8). Bloor observed 
increases in the lipid level during fasting amounting to as much 
as 22 to 29 per cent of the initial value in three of six dogs studied. 
The occurrence of this rise was believed to depend upon the pres- 
ence of adequate body fat. Greene and Summers reported that a 
lipemia occurs in younger dogs during fasting but not in older 
animals. Terroine investigated a group of seven dogs during a 
fast that extended over a period of 22 to 35 days and reported 
blood lipid changes ranging from a 45 per cent increase to a 54 
per cent decrease. In two dogs fasted for 7 days, Ling found a 


* Aided by a grant from the Research Board of the University of Cali- 
fornia. The assistance furnished by the Works Progress Administration 
(Official Project No. 65-1-08-62, Unit A6) is gratefully acknowledged. 
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small decrease in some of the lipid constituents of the blood. An 
early rise in the level of blood cholesterol in man during fasting 
was claimed by Shope. According to Man and Gildea, malnutri- 
tion in man is associated with a lowered lipid level of the blood. 
Page et al. found no change in the level of serum lipids of dogs 
subjected to a very low protein intake for long periods of time. 

The present paper presents the effects of complete exclusion or 
partial reduction in caloric intake (i.e. chronic undernutrition) 
upon the lipid constituents of dog blood, namely cholesterol, 
phospholipids, and total fatty acids, as measured by oxidative 
procedures. 


EXPERIMENTAL 


Twenty-five adult dogs were employed in the present study, the 
data of eight of which are recorded here. Before fasting or reduc- 
tion in the caloric intake, each animal received a diet adequate in 
calories, proteins, vitamins, and salts. They were fed twice daily 
(at 8.00 a.m. and 4.00 p.m.) a mixture of meat and sucrose. Vita- 
mins A and D were supplied as cod liver oil' and the B complex in 
the form of a concentrate prepared from rice bran.? Each ani- 
mal also received daily Cowgill’s salt mixture (9) along with the 
meat and sucrose fed at 4.00 p.m. 

Following this control period the animals either were fasted or 
had their caloric intake severely reduced. This consisted in a 
complete or partial elimination of the meat and sucrose constitu- 
ents of the diet; the feeding of vitamin supplements and salts was 
not interfered with. The daily administration of cod liver oil, 
rice bran concentrate, and salt mixture in amounts recorded in Ta- 
bles I and II was maintained throughout the period of partial 
or complete fasting. 

Whole blood was used for lipid analyses. In animals that were 
fed, blood was taken just before the morning meal. Thus at the 
time blood was sampled, all dogs were in the postabsorptive state, 
having ingested their last meal 16 hours before the removal of 
blood. In the case of animals subjected to fasting, blood samples 
were removed between 8.00 and 9.00 a.m. 


The standardized cod liver oil was generously furnished by Mead 


Johnson and Company. 
* The vitamin B concentrate was kindly furnished by Vitab Products, 


Inc., Emeryville, California. 
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Microoxidative procedures were employed for lipid determina- 
tion. These have been described elsewhere (10). 


Chronic Undernutrition 


The blood lipid changes associated with weight loss produced 
by reduction in the caloric intake are shown in Table I. In the 
seven dogs investigated (only three of which are recorded here) 
observations were extended over a period of 20 to 23 weeks, during 
which blood was removed for analyses at various intervals. In 
all cases the caloric intake during the control period was sufficient 
to maintain the initial weight of the dog. To induce chronic 
undernutrition, the caloric intake of all dogs was finally cut to 
25 gm. of lean meat twice daily. This treatment produced severe 
losses in weight. At the end of the 20 to 23 weeks of observation, 
four of the animals (Dogs N-7, N-9, N-21, and N-22) had lost 
50 per cent or more of their body weight, whereas in the remainder 
(Dogs N-19, N-20, and N-8) losses of 41, 34, and 17 per cent had 
occurred. 

Total Lipid—aA significant drop in the level of total lipids 
occurred, but the extent of the drop varied in the seven dogs. 
The most pronounced change was observed in Dog N-19. Values 
for total lipid taken at 2 and 4.5 weeks after this dog was placed 
on the control diet were respectively 731 and 708 mg. per 100 ce. 
of whole blood, whereas 16.5 weeks after receiving a diet of only 
50 gm. of lean meat daily along with a salt mixture and vitamin 
supplements the level of total lipid in the blood had fallen to 
488 mg. At the same time the animal’s weight fell from 16.3 to 
9.6 kilos, a loss of approximately 40 per cent. Striking reductions 
in the concentration of total lipids were also found in Dogs N-20, 
N-22, N-7, N-8, and N-9. Despite the loss of 50 per cent of body 
weight, total lipids in Dog N-21 fell from 631-582 mg. to 506 mg. 

Cholesterol—In six of the seven dogs examined, total cholesterol 
fell as a result of chronic undernutrition. Although the values 
found at the end were lower than those observed during the control 
period, the onset of the change was gradual in most cases, severe 
decreases not being apparent till several weeks after chronic 
undernutrition had been maintained. The irregularity in these 
changes is shown by the fact that in Dog N-9 a significant drop 
in cholesterol first appeared in 16.4 weeks, while in Dog N-19 a 
decrease had occurred during the first few weeks after severe 
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Effects of Chronic Undernutrition upon Whole Blood Lipids 
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Period of observation 
Control _Undernutrition Total | Total | Phos- 
Dog No. Total | Diet* | Diet | taal | smite | Beta 
pee Meat | 5u- vey ‘Meat su-| 3 
\crose crose| & 

wks. | wks. wt oe wks. | gm. | gm. | kg. Pe 2, P 

N-7,9 | 4 | 4. | 143] 28 9.5 | 182 | $72 | 344 
7 3 | 35 | 20 | 9.2 | 133 | 352 | 292 

9 | 5 | 35 | 20/ 8.7 | 127 | 260 | 255 

10 6 | 25 8.7 | 128 | 324 | 288 

11.7 7.7 | 25 7.4 | 125 | 337 | 308 

13.7 9.7 | 25 7.1 | 132 | 306 | 308 

16.6 12.6 | 25 6.4 | 128 | 324 | 288 

20.1) | 16.14) 25 5.1 | 134 | 320 | 286 

22.6) 18.6¢ 25 | 4.5 | 130 | 240 | 225 

N-19, 9 | 2 |2 | 215) 42 15.5 | 233 | 498 | 438 
4.5 4.5 | 215) 42 16.3 | 231 | 477 | 402 

5.5) | 1 | 25 | 15.4 | 168 432 | 360 

6.5) | |2 |25| {14.5 | 144 | 392 | 348 

| 8 | 3.5 | 25 14.0 | 162 | 334 | 335 

9 | 4.5 25 | 13.5 | 154 | 395 | 312 

11.5) 7 |25| 13.3 | 146 | 412 | 330 

15.5 | | [it | 25) {11.5 | 150 | 362 | 349 

18.5 14t 25 11.3 | 160 | 386 | 356 

21 | | 16.5¢ 25} | 9.6 | 150 | 338 | 361 
N-22,¢ | 3 |3 | 175) 36 | 110.3 | 145 388 | 348 
| 4 |4 | 175) 36 | {10.3 | 158 | 390 | 360 

4.5, 4.5 | 175) 36 110.3 | 154 | 373 | 365 

5.5) | 1 25 | | 9.8 | 120 | 326 | 304 

| 6.5 2 | 2 | 9.4 | 128 | 359 | 304 

8 | | |3.5/25| | 8.7 | 154] 330 | 308 

9 | | | | 4.8} 25 8.4 | 147 | 388 | 351 

1.5 060CU| | 7 | 25 | 7.5 | 135 | 393 | 295 

15.5 | 11 | 25/ | 6.8 | 138 | 352 | 347 

18.5, | |I4t | 25} =| 6.0 | 138 | 337 | 325 
ae a7t | 25) | 5.2 | 100 | 244 | 221 
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* The amounts recorded were fed twice daily at 8.00 a.m. and at 4.00 
p.m. In addition each animal received daily both during the control 
period and period of undernutrition 3 ce. of cod liver oil, 5 cc. of rice bran 
concentrate, and 2 gm. of Cowgill’s salt mixture. 

t Weak and emaciated. 

t Thin but active. 
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caloric reduction had been instituted. In Dog N-20 changes in 
cholesterol were apparent as early as the 2nd week. 

Phospholipids—Prolonged chronic undernutrition produced a 
fall in the level of the phospholipids in the blood, but alterations 
were not regularly observed during the first several weeks after 
animals were placed on the lowered caloric intake. In Dogs N-21 
and N-22 there was a tendency for this lipid constituent to remain 
close to the control level for as long as 11 to 14 weeks, even though 
marked reductions in weight had occurred. In Dog N-20 no fall 
in phospholipids was found throughout the 16.5 weeks of observa- 
tion. In two dogs, Nos. N-7 and N-9, severe reductions in the 
phospholipid level of the blood occurred at the end of the period 
of observation. 

Total Fatty Acids—Prolonged chronic undernutrition produced 
a fall in total fatty acids of the blood, but the extent of the decrease 
varied considerably in the seven dogs. The end-results were in all 
cases lower than the control values, which were taken at a time 
when the dogs were maintained upon an adequate caloric intake. 
Thus at intervals of 16.5 to 18.6 weeks after chronic undernutrition 
had been instituted, the values found for total fatty acids were 
240, 336, 192, 338, 411, 366, and 244 mg. as compared with control 
values of 372, 482, 349, 498, 492, 453, and 388 mg. respectively. 
The fall in the concentration of total fatty acids was not always an 
early effect, and even in Dogs N-7 and N-9, in which the very low 
values of 240 and 192 mg. were found, the level of this lipid con- 
stituent was not markedly decreased for many weeks after the 
caloric intake had been severely curtailed. 

Fasting 

Typical changes in whole blood lipids produced by fasting are 
shown in Table II and Figs. 1 and 2. Eighteen dogs in all were 
studied but the results of five are recorded here. After a suitable 
control period, in which lipid levels were determined while the 
dogs were in the normal nutritional state, they were fasted for 
periods varying from 4 to 30 days. Fasting was restricted to the 
complete withdrawal of meat and sucrose from the diet; salts and 
vitamin concentrates were furnished daily during the entire period 


of observation. 
Cholesterol—F asting for 4 to 9 days failed to produce significant 
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Taste II 
Effect of Fasting upon Whole Blood Lipids 
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| Period of observation 
|} |. Comtech | _,| Total | Total | Phos- 
Dose loa] | Din | Pat | Woe ce) | a | Bn 
Dd il | 
SPS GE once. AD RG OP RPE 
| days deve | gm. | gm. | daye | ke. | "100 be. | 100 se. | 10040. | 10000, 
N-31,¢ | 0/| 0 | 110 | 22 | | 10.6 | 156 | 340 | 300 | 496 
| 7] 7 | 10} 22 | | 10.8 | 161 | 338 | 308 | 499 
| 9 | | | 2 | 10.5 | 138 | 360 | 315 | 498 
10 | | | 8 | 10.8] 138 | 400 | 337 | 538 
| 14 | 7 | 9.7) 111 | 370 | 293 | 481 
«16 | | 9 9.6 | 144 | 324 | 278 | 468 
N-To,#* | 5 | 5 | 150/ 40 | 12.2 | 159 | 413 | 340 | 572 
| 6| 6 | 150 | 40 14.4| 151 | 386 | 330 | 537 
| 7 A Sod 1 | 14.2| 136 | 333 | 257 | 469 
| 8 | | | 2 | 13.8} 140 | 358 | 204 | 498 
| 9 | | | 8 | 13.6] 125 | 361 | 271 | 486 
| | ie 5 | 13.4| 138 | 349 | 304 | 487 
LSP ep xg 8 | 12.6] 125 | 328 | 355 | 453 
| 20 | | 14 | 12.0| 154 | 301 | 363 | 545 
| 27 | 21 | 11.0| 162 | 398 | 371 | 560 
N-No,@ | 6 | 6 | 175 | 25 /14.8| 159 | 371 | 339 | 530 
10 | 10 | 175 | 25 (14.9 | 154 | 356 | 361 | 510 
12/12 | 175| 25 14.9 | 161 | 362 | 346 | 523 
Shieh 1 | 14.7) 159 | 342 | 345 | 501 
14 | | 2 | 14.5 | 152 | 326 | 478 
6} | | 3 | 14.4] 147 | 296 | 340 | 443 
17; | | & | 14.3| 149 | 358 | 345 | 507 
} 2; | | 8 | 13.8) 145 | 316 | 348 | 461 
24 bia | 12 | 12.9 | 137 | 347 | 363 484 
| 30 | | | | 18 | 11.8} 145 | 323 | 354 | 468 





* The amounts recorded were fed twice daily at 8.00 a.m. and at 4.00 
p.m. In addition, all dogs received once daily 3 cc. of cod liver oil, 5 ce. 
of rice bran extract, and 2 gm. of Cowgill’s salt mixture. 

+ During fasting all dogs received once daily 3 cc. of cod liver oil, 5 ee. 
of rice bran extract, and 2 gm. of Cowgill’s salt mixture. 


changes in the level of blood cholesterol. The level did not always 
remain constant in the blood during the period of observation, 
but when fluctuations occurred during fasting they did not differ 
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significantly from those noted during control periods in which 
the animals received adequate diets. 

Even in more prolonged fasts (18 to 21 days) it is striking to 
find the levels of cholesterol maintained with little change through 
the entire period. Thus in Dog N-No, the concentration of 
cholesterol at the end of an 18 day fast was 145 mg. as compared 
with values of 154 to 161 mg. found just before the start of the 
fast. Similar results were obtained in Dog N-To,which was 
observed during a fast of 21 days while it lost 23 per cent of its 
body weight. 

Phospholipids—Dogs N-31, N-To, and N-No were fasted for 9, 
21, and 18 days respectively, and the values found for phospho- 
lipids at the end of the fasting period were close to those observed 
during the control period. In the other dogs that underwent a 
short fast, the end-values, taken at 4, 6, and 9 days after fasting 
was instituted, were only slightly below those of the control period. 

Total Fatty Acids—No change in the level of total fatty acids 
was produced in Dog N-31 by a short fast of 9 days. In Dogs 
N-To and N-No slight changes apparently occurred as early as 
8 days, but in Dog N-35 a loss of over 100 mg. was observed 6 
days after complete fasting was begun. 

Observations on Repeated Fasts in Same Animal. Cholesterol— 
The experimental procedures employed for Dogs N-PB and N-ST 
differed from those employed for the dogs shown in Table II, in 
that the former were observed during periods of fast that were 
alternated with periods in which they received maintenance diets. 
Thus blood lipid examinations were made during periods of weight 
loss and periods of weight gain. Just before the start of the fast 
the blood of Dog N-PB contained 156 mg. of cholesterol (A, Fig. 1), 
whereas 30 days later, after a period during which the animal 
received no calories other than those contained in the small 
amounts of vitamin concentrates administered, the cholesterol had 
fallen to a value of 130 mg. per 100 cc. of whole blood (B, Fig. 1). 
During the next 26 days (BC) this dog was fed 250 gm. of lean 
meat and 25 gm. of sucrose (the maintenance diet) twice daily, 
and this led to a gain of 1.6 kilos in weight. At the end of the 
26 days cholesterol was present to the extent of 151 mg. (C, Fig. 1). 
The blood lipids of this animal were next examined after a 10 day 
fast (CD) and then after a 9 day feeding period, and the values 
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Fig. 1. The response of the blood lipids of Dog N-PB to repeated fasting. 
During the intervals AB and CD the animal was fasted; it was fed at the 
other intervals. When fed, this animal received 250 gm. of lean meat and 
25 gm. of sucrose twice daily in addition to a salt mixture and vitamin 
concentrates. This dog weighed 20.9 kilos at 0 day, 22 kilos at A, 15.9 
kilos at B, 17.5 kilos at C, 15.6 kilos at D, and 16.4 kilos at the end of the 
period of observation. © total lipid, V total fatty acid, V phospholipid. 
@ total cholesterol. 
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Fig. 2, The response of the blood lipids of Dog N-ST to repeated fasting. 
During the intervals AB and after C the animal was fasted; it was fed at 
the other intervals. During feeding and fasting periods this animal re- 
ceived the same treatment as Dog N-PB. This dog weighed 13.9 kilos at 
0 day, 14 kilos at A, 9.9 kilos at B, 11.5 kilos at C, and 10 kilos at the end. 
The symbols have the same meaning as for Fig. 1. 
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found at the end of each of these periods again point to the relative 
stability in the level of cholesterol in the blood. 

In Dog N-ST cholesterol determinations for four periods are 
recorded in Fig. 2. The values found during the control period 
that preceded the first fast were 159 and 161 mg. for cholesterol. 
During the fasting period that lasted for 25 days (AB) the blood 
was examined on seven occasions, and the values fluctuated 
between 145 and 161 mg. per 100 cc. of whole blood. During the 
next two periods, namely one in which the animal received for 
26 days the maintenance diet (BC) and the other in which the 
animal fasted for 10 days (following C), the levels of cholesterol 
were maintained at values similar to those recorded above. 

Phospholipid—The level of phospholipid in the blood was well 
maintained despite the fact that fasting continued for as long as 
30 days. The absence of any striking change in the phospholipid 
content of the blood as a result of fasting is best shown in Dogs 
N-PB and N-ST. In the former the initial control values were 
380 and 371 mg. During a 30 day fast (AB, Fig. 1) the values 
fluctuated between 312 and 344 mg. At the end of a 26 day 
feeding period (BC), in which this animal was fed the same diet 
that it had received during the initial control period, the phospho- 
lipid content of the blood was 375 mg. A 10 day fast was then 
instituted and the phospholipid level was 328 mg. Essentially 
the same changes were observed in Dog N-ST. A 25 day fast 
led to but little change in the phospholipid content of the blood, 
and the observations made during a subsequent feeding period 
also failed to show any significant deviations in the level of blood 
phospholipids. 

Fatty Acids—The maintenance of the level of total fatty acids 
with little change during fasting is clearly brought out, however, 
by Dogs N-PB and N-ST. In these the fatty acid values obtained 
during a control and fasting period may be compared with those 
obtained during subsequent feeding and fasting periods. The 
initial control values in Dog N-PB were 369 and 376 mg.; the 
values obtained during the first fast, which lasted for 30 days, 
fluctuated between 303 and 336 mg.; at the end of the 26 day 
feeding period this was 331 mg., and after the subsequent fasting 
period 330 mg. A similar tendency to resist change in total 
fatty acids is shown by Dog N-ST. The initial control values 
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were 349 and 359 mg.; seven values obtained during a 25 day fast 
fluctuated between 319 and 388 mg.; three values obtained during 
a subsequent period of 26 days in which the control diet was again 
administered were between 372 and 395 mg. 


DISCUSSION 


The results obtained in the present investigation clearly estab- 
lish that a lipemia does not occur in the dog during fasting or 
during chronic undernutrition produced by severe reduction in 
the caloric intake. Numerous observations on animals fasted for 
4 to 30 days failed to show a significant rise either early or late in 
any of the lipid constituents measured; namely, cholesterol, phos- 
pholipids, and total fatty acids. Numerous observations made 
during a state of chronic undernutrition that extended over several 
months and resulted in loss of as much as 50 per cent in body 
weight also failed to show a significant increase either early or late 
in the concentration of total fatty acids, cholesterol, or phospho- 
lipids in the blood. These results therefore fail to confirm the 
claims that a lipemia occurs in fasting. 

Acute fasting in which all dietary constituents with the excep- 
tion of salts and vitamin concentrates were withdrawn failed to 
produce much change in the concentration of total fatty acids, 
cholesterol, or phospholipid in the blood. The ability of the 
organism to maintain the level of these lipid constituents so near 
to the control level while such nutritional conditions were per- 
mitted to last for as long as 30 days is indeed worthy of note. 

Chronic undernutrition, produced by limiting the intake of lean 
meat and carbohydrates (but not vitamins and salts) and extend- 
ing over periods of about 5 months, resulted in more striking 
effects upon the level of the blood lipids than acute fasting that 
lasted for about 30 days or less. With few exceptions the con- 
centration of cholesterol, phospholipid, and fatty acids was lowered 
at the end of an extended period of undernutrition. In a few 
eases the reduction in total fatty acids was quite severe. The 
loss in weight during such periods of chronic undernutrition was 
far greater than that observed during acute fasting, and it is by 
no means unlikely that the greater loss in weight may explain the 
more pronounced effects of chronic undernutrition. In no cases 
did acute fasting for periods of 18 to 30 days produce losses of more 
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than 30 per cent in body weight, whereas in chronic undernutrition 
as carried out in the present investigation losses in body weight as 
great as 50 per cent were not uncommonly observed. 


SUMMARY 


1. The changes that occur in the blood levels of total cholesterol, 
total fatty acid, and phospholipids were investigated (1) during 
acute fasting in which all dietary constituents with the exception 
of salts and vitamins were withheld for periods of 4 to 30 days, 
and (2) during chronic undernutrition produced by severe reduc- 
tion in the caloric intake for periods of 16 to 18 weeks. 

2. No lipemia or rise in the levels of total cholesterol, total 
fatty acids, and phospholipids was observed during acute fasting 
or chronic undernutrition. 

3. Striking changes in the levels of total cholesterol, phospho- 
lipids, and total fatty acids in the blood were not observed during 
acute fasting that lasted for as long as 30 days. 

4. Undernutrition prolonged until severe loss in weight occurs 
leads to a fall in the levels of cholesterol, fatty acids, and phospho- 
lipids in the blood. 
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THE RATE OF TURNOVER OF PHOSPHOLIPIDS IN 
KIDNEY AND LIVER 


By ROBERT GORDON SINCLAIR 


(From the Department of Biochemistry, Queen’s University, Kingston, 
Canada) 


(Received for publication, February 26, 1940) 


Within the past few years three new and quite distinct methods 
have been used for the study of the rate of turnover of the phos- 
pholipids in animal tissues. In one elaidic acid, the trans isomer 
of oleic acid is employed (1), in another deuteriumated fatty acids 
are employed (2), and in the third radioactive phosphorus is 
used (3-6). All three methods are based on the same principle. 
One of the building stones of the phospholipid molecule is labeled 
so as to make it distinguishable from those normally present 
in the body; this labeled constituent is fed and the rate at which it 
becomes incorporated into the phospholipids in an organ is taken 
as a measure of their rate of turnover. Strictly speaking elaidic 
acid and deuteriumated fatty acids can serve only as a means of 
measuring the rate of exchange of the fatty acids, while radio- 
active phosphorus, on the other hand, can serve only as a means 
of measuring the exchange of the phosphoric acid in the tissue 
phospholipids. 

Now it is obvious that the exchange of the various constituents of 
the phospholipid molecule need not proceed at the same rate. 
When reduced to its simplest terms, the turnover of phospholipid 
in any given organ can be regarded as being due to one or both 
of two fundamentally different chemical processes. On the one 
hand, it is possible to conceive of the phospholipids as being in a 
state of dynamic equilibrium with each of the constituents of the 
molecule. The rate of exchange of each constituent would depend 
upon the rate of hydrolysis of each of the linkages in the phospho- 
lipid molecule. If these rates of hydrolysis should be markedly 
different, so too the rates of exchange would be different. On 
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the other hand, the phospholipids in the tissue cells may conceiv 
ably undergo an irreversible degradation, as by oxidation. Since 
the amount of phospholipid present is known to remain substan- 
tially constant, the degraded phospholipid must be continually 
replaced. This replacement might be due either to synthesis 
within each individual cell, or to diffusion of phospholipid from 
the blood stream. In either case the rate of appearance of new 
phospholipid would be proportional to the rate of degradation, 
and the rates of exchange of all the constituents of the phospho- 
lipid molecule would be the same. 

In estimating the rates of turnover of the phospholipids or of 
any other tissue constituent by means of labeled molecules, it is 
obvious that the apparent rate of turnover will be a function, 
not only of the real rate, but also of the relative concentrations 
of labeled and non-labeled molecules. It is only when and if the 
relative concentrations remain constant over a reasonable period 
of time that the apparent and real rates of turnover are identical. 
Furthermore, a comparison of the rate of breakdown and replace- 
ment of the phospholipids in one organ with that in another, on 
the basis of the apparent rates of turnover, is valid only if the 
relative concentration of labeled and non-labeled molecules is the 
same in all cases. 

The ultimate purpose of the study of the turnover of the phos- 
pholipids is to disclose their functions in the animal body. From 
what has been said, it is very evident that it would be of con- 
siderable importance tc know the comparative rates of exchange 
of all the constituents of the tissue phospholipids. 

Thus far the most extensive studies have been made with 
elaidic acid and with radioactive phosphorus. The results ob- 
tained by these two methods are, in some respects, in quite good 
agreement. Thus both show clearly that in the intestinal wall 
(3, 5-8), in the liver (1, 3, 5, 6), and in the blood plasma (9, 10), 
the phospholipids, taken as a whole, have a rapid turnover. 

In the case of other organs, the rate of exchange of the phos- 
phoric acid appears to be very definitely more rapid than that of 
the fatty acids. For instance, in the carcass of the rat the ex- 
change of phosphoric acid is about two-thirds complete within 1 
day (5). The uptake of elaidic acid in rat skeletal muscle, on the 
other hand, is only about one-half complete in 4 days (1). The 
most striking difference seemed to be in the kidney. 
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In the course of work done some years ago on the rate of turnover 
of the phospholipids of intestinal mucosa and blood of cats (7, 9), 
some analyses were also carried out on the livers, kidneys, and 
hearts. The data obtained are given in Table I. It is evident 
that in all three organs the iodine number of the solid fatty acids 
increased above the level found in the controls, even as early as 
the 8th hour after feeding elaidin. Elaidic acid had therefore 
entered into the phospholipids of these organs. . However, ex- 
cept in the case of the liver, further uptake of elaidie acid on 
continued feeding of elaidin was rather slight. And even in the 
liver the maximum level of elaidic acid was not reached after 5 

















TaBLe I 
Elaidic Acid in Phospholipid Fatty Acids in Various Organs of the Cat 
Liver Kidney Ei Heart 
Absorption time 2 ie ae! —=| - hy - “ —J . 
per cent per cent’ per cent! | per cont per cent per cent 

Control | 41.5 | 10.6) 4.9| 36.3| 9.7| 3.9 | 26.9| 8.1| 2.4 
“ 41.7} 9.0) 4.2) 35.0) 11.9) 4.6 | 28.1/ 9.2| 2.9 
a (41.9) 11.8) 5.5 | 36.8; 9.2) 3.8 | 29.9| 12.3| 4.1 
“ (38.4) 8.8 3.8| 38.5) 8.9) 3.8 | 26.0/ 15.3) 4.4 
ee (41.4/11.0 5.1 | 36.2) 8.1 | 3.3 | 27.7| 9.4} 2.9 
Shrs. | 40.0/ 19.6| 8.7 39.2 | 15.6 | 6.8 | 28.8 | 24.0) 7.7 
18 “ | 41.5 | 22.4 | 10.4/ 87.8 | 16.4/| 6.9 | 24.2/ 14.9] 4.0 
48 “ = 44.0 | 41.4 | 20.2 | 41.6 | 19.8 | 9.2 | 26.7 | 21.3 6.3 
120 “ | 44.2 | 35.5 | 17.5 | 40.2 | 19.5 | 8.7 | 24.4 | 21.6 | 5.9 

2wks. | 46.8 59.4 | 30.8 














days. In rats, on the other hand, it had been found that the 
maximum level of elaidic acid, indicating complete turnover, 
is reached in 1 or 2 days (1). Accordingly it was realized that the 
apparently slow turnover of phospholipids in the kidneys and 
heart of the cat may have been due, in part at least, to the failure 
to maintain a sufficiently high and sustained absorption of elaidic 
acid over the entire experimental period. Further work had been 
planned. 

Meanwhile Artom and coworkers (3) and Perlman, Ruben, 
and Chaikoff (5) had presented evidence to show that the phos- 
pholipids in the kidneys of the rat have a high rate of turnover as 
measured by radioactive phosphorus. In view of the very ob- 
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vious importance which would be attached to an instance in which 
the rate of exchange of the phosphoric acid was quite definitely 
different from that of the fatty acids in the phospholipids, it was 
decided to determine the rate of exchange of the phospholipid fatty 
acids of rat kidney by means of elaidic acid. The results of that 
study have clearly shown that the fatty acids in kidney phospho- 
lipid undergo a turnover which is of a lower order than do those 
of the liver and intestinal mucosa. Furthermore the rate of 
turnover of the fatty acids seems to be much slower than that of 
the phosphoric acid in the kidney phospholipids. 


EXPERIMENTAL 


When elaidic acid is used as a means of measuring the rate of 
turnover of tissue phospholipids, it has seemed best that the in- 
take of elaidic acid be continuously maintained at a sufficiently 
high level so that mobilization of previously stored fat would be 
inhibited and fat metabolism would be borne entirely by the 
inflowing food fat. Otherwise the mobilization and metabolism 
of non-labeled fatty acids will lower the uptake of labeled fatty 
acids, in this case elaidic acid. To this end, the rats used for the 
following experiments were fed melted elaidin at frequent in- 
tervals throughout the day and in addition were offered a diet 
containing a high percentage of elaidin (Diet 290 (11)). The 
amount of melted elaidin given was calculated to be about the 
maximum amount that would be absorbed. Actually some of the 
rats showed evidence of increased excretion of fat in the feces, in- 
dicating that the intake was probably in excess of the capacity of 
the small intestine to absorb elaidin. 

Four separate experiments were carried out. Adult male rats 
of approximately the same weight and age were selected for each 
experiment. One group of rats weighed about 150 gm.; the other 
three groups weighed about 300 to 350 gm. Three of the groups 
were fed the melted elaidin dropwise. In spite of some slobbering 
of the fat, especially at first, this procedure was found to be pref- 
erable to the use of the stomach tube, which was used in one 
group. Many of the animals, even from the start, lapped down 
the melted fat as rapidly as it was administered. In the last 
two groups, about 1 to 1.5 gm. of elaidin was given to each rat 
every 4 hours over periods of 1, 2, 3, or 4 days. 
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At the end of each day, two rats were killed. The kidneys were 
pooled, weighed, ground with sand, and rinsed into a flask with 
95 per cent ethyl alcohol. In some cases the pooled livers were 
also used. The total lipids were extracted and separated into 
acetone-soluble and acetone-insoluble fractions, MgCl, being used 
to aid precipitation. The acetone-insoluble lipids were saponified 
in a centrifuge tube, with 0.2 cc. of saturated KOH dissolved in 
6 cc. of 50 per cent ethyl alcohol. During saponification the 
alcohol evaporated down to about 2 cc. Water was added to 
bring the volume up to 3 ce. After } hour’s saponification (car- 
ried out in a gentle stream of N:), 25 per cent H,SO, was added 
and the fatty acids were extracted with peroxide-free ethyl ether. 
The combined ether extracts were evaporated to dryness, under 
a stream of Ne, and the residue was finally dried over H,SO, in 
a vacuum desiccator. The solid residue was then extracted with 
hot acetone and centrifuged. The clear acetone solution of the 
fatty acids was evaporated to dryness under N2; the flask was 
cooled in the vacuum desiccator and then weighed. 

To separate the fatty acids into solids and liquids, they were 
dissolved in 95 per cent ethyl alcohol in a 15 cc. centrifuge tube, 
boiled, and brought to a volume of about 6 cc., 0.6 mg. of lead 
acetate in alcohol for every mg. of fatty acid was added, and the 
alcohol was centrifuged hot to remove the slight precipitate 
which formed. The volume of alcohol was adjusted so that the 
fatty acid concentration was always 10 mg. per cc. The tube 
was then put away at 15-16° for at least 4 hours. The insoluble 
lead soaps were centrifuged out, redissolved in six-tenths of the 
original volume of alcohol, and again set away at 15-16°. The 
insoluble soaps were stirred up with 5 per cent HCl and the fatty 
acids were extracted thoroughly with ether. This ether solution 
was washed with water and transferred to a weighed, glass-stop- 
pered 125 cc. flask. The ether was evaporated under Nz. The 
alcohol solution of the soluble lead soaps was evaporated under 
N, until just barely dry. Then 5 per cent HCl and ether were 
added and the flask shaken repeatedly. The contents of the 
flask were transferred to a 15 cc. centrifuge tube and centrifuged. 
The clear or very slightly milky ether solution was aspirated 
into a stoppered centrifuge tube and shaken up with water. On 
centrifuging, the clear ether solution separated sharply. This 
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was aspirated into a weighed 125 cc. glass-stoppered flask and 
evaporated under Nz. After evaporation of the ether, the flasks 
containing the solid and liquid fatty acids were cooled in a vacuum 
desiccator and then weighed. The iodine numbers of the fatty 
acids were then determined immediately by the Rosenmund- 
Kuhnhenn method (12). The elaidic acid content was calculated 
from the iodine number and percentage of solid acids (1). 


Results and Comments 


The data obtained from the study of the turnover of the phos- 
pholipids in rat kidneys are given in Table II. It will be observed 
(Column 4) that there is no indication of any change in the amount 
of phospholipid in the kidney as a result of the continuous inges- 
tion and metabolism of large amounts of elaidin. On the other 
hand, the iodine numbers of the solid acids (Column 6) and the 
calculated percentage of elaidic acid in the phospholipid fatty 
acids (Column 8) clearly show that there is a progressive exchange 
of the fatty acids in the kidney phospholipids. However, if the 
percentages of elaidic acid after 3 days are compared with those 
found in rats which have been fed elaidin throughout their life- 
time, it is equally clear that the rate of turnover is such that it 
reaches completion only after several days. By extrapolation 
of the rough curve which may be fitted to the data given in Table 
II, it may be estimated that the turnover in the kidney will be 
about 90 per cent complete at the end of a week. 

The data in Column 5 (Table II) show that there is no clear 
cut change in the percentage of solid acids coincident with the 
incorporation of elaidic acid into the phospholipids of the kidney. 
It is true that the values seem to be somewhat higher in the rats 
fed elaidic acid than in the controls. This applies especially 
to those rats fed elaidin over a long period of time. Possibly a 
greater number of data would show that the differences are really 
significant. Nevertheless it is quite clear that most of the elaidic 
acid that is built into the phospholipids of the kidney takes the 
place of the fully saturated fatty acids. There is no evidence 
of any consistent change in the iodine numbers of the unsaturated 
fatty acids as the percentage of elaidic acid increases. 

In Table III are presented some data showing the rate of in- 
crease in the elaidic acid content of the livers of rats. Those in 
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Group A were secured on a group of rats which were given melted 
elaidin by mouth every 6 hours over periods ranging from 12 to 
26 hours. The rats in Group III are the same as those used for 
the study of the rate of turnover of kidney phospholipid. 











Tasie II 
Turnover of ~~ y Phospolipid in Rats 
| 3 
| ae Content of a rae _. |Blaidie 
Group as Remarks “ataidin Mosse solid “"polia | Liq Solid | Liga acid 
(1) (2) 3) |; @® () | (6) (7) | & 
| days per cent Lp aint 
Controls | Purina Fox Chow | | 1.87 | 33.8 6.5 | 2.4 
diet | 1.95 | 35.7| 7.4) 218 | 3.0 
I Fed melted elaidin | 1 | 2.00 | 33.7 | 19.7 | 202 | 7.4 
dropwise at 9 a.m. 1 | 2.00 | 35.0 | 22.2; 207 | 8.6 
and1,5,and9p.m.| 2 | 1.98 | 39.3 | 35.6 | 220 | 15.5 
| 2 | 1.95 | 39.7 | 37.3) 218 | 16.5 
II Slightly anesthetized| 1 | 1.93 | 35.5 | 19.2) 213 7.4 
with ether; fed| 2 | 1.91 | 36.3 29.0 | 211 | 11.5 
1.5-2.5 cc. melted 3 | 1.94 | 37.8 | 32.2 | 206 | 13.5 
elaidin at 8 hr. | 
intervals | 
Il | Fed 0.9-1.1 gm.| 1 | 1.99 | 36.1 | 26.7| 204 | 10.7 
melted elaidin, 2 | 1.96 | 37.4 | 33.3 210 | 13.8 
dropwise every 4 | 3 1.82 | 38.1 | 39.0 16.5 
hrs. | 
Iv | Fed 1-1.5gm. melted| 1 | 1.91 | 36.5 | 25.1 | 223 | 10.2 
elaidin dropwise | 2 | 1.82 | 38.1 | 33.2 | 218 | 14.1 
every 4 bre. | 3 | 1.87 | 39.5 | 35.7] 221 | 15.7 
| | 4 | 1.97 | 38.8 | 36.3 | 223 | 15.7 
Fed Diet 290-C, high | 1.95 | 41.0 | 57.6 | 204 | 26.3 
in elaidin (11) from, | 1.87 | 42.0} 57.9 | 211 | 27.0 
weaning age for at | 1.88 41.7 | 58.6 | 214 | 27.2 
least 10 wks. 1.87 | 38.4 | 53.0| 199 | 22.6 











On comparing the percentages of elaidic acid in the liver phos- 
pholipids of Groups A and III with those found in rats which 
had been raised on a high elaidin diet, one will see at once that as 
early as 18 hours after the first dose of elaidin, maximal values 
are reached. Unfortunately there is a rather large variation 
from one animal to another, even in those which had been on a 
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standard diet for many weeks.' In spite of this variation, the 
results in Table III bear out the earlier observation (1) that the 
turnover of liver phospholipid, as measured by the elaidic acid 
method, is substantially complete within 1 day. Certainly the 
contrast in the rates of turnover of liver and kidney phospholipid 
is very striking. 


Taste III 
Turnover of Liver Phospholipid in Rats 














| | Con- 
| Time | tent of | I No. | Me 
Group | Remarks oui- pho: b |} —! + ree Elaidie 
din | gate Solid acids | Liquid 
| oan | = oe acids | 
| Ars. per cent) per cent 
Con- | Average of 8 a- | 37.0+1.9 6.941.3 | 2.840.5 
trols | nalyses given | 
| in Table II (1) | | 
A | Elaidin dropwise | 12 | 2.84 /37.8 28.2 244 11.9 
every 6hrs. | 12 | 2.67 [37.8 45.1 19.0 
| 18 | 2.57 (34.8 46.3 17.9 
18 | 2.71 42.7 —|53.9 25.6 
18 | 2.83 |41.3 51.7 23.7 
| 24 | 2.59 41.5 44.9 20.7 
| 26 | 40.3 38.8 228 (17.4 
| | 26 | 42.3 49.2 23.1 
III | Elaidin every 4 | 24 | 3.16 |43. 42.6 252 20.4 
| hrs. | 48 | 2.85 39.8 46.0 251 20.4 
| 72 | 2.63 /43.3 47.2 262 22.8 
| Fed high elaidin 2.74 43.9 56.0 225 27.3 
Diet 290-C (11) | | 2.60 |47.8 60.5 235 32.1 
from weaning | 2.64 |43.9 52.9 25.8 
until at least 13 2.74 |44.2 52.9 26.0 
wks. of age | 2.98 41.4 51.5 240 23.7 
2.80 41.6 50.3 | 238 |23.3 


In the case of the liver there is a significant decrease in the 
percentage of liquid acids with the increase in the elaidic acid 
content. As there is no indication that a high percentage of 
solid acids coincides with an increased amount of phospholipid 


1 As duplicate analyses give reasonably consistent results, there seems to 
be no reason to suspect that the analytical procedure is responsible for the 
variation from one animal to another. 
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in the liver, the decrease in liquid acids must be due to partial 
replacement by elaidic acid. However, in the liver as in the 
kidney, most of the elaidic acid that is built into the phospholipids 
replaces fully saturated fatty acids. It can be calculated that 
when the elaidic acid has reached its apparent maximal percentage, 
the fully saturated fatty acids are reduced from 37 to 18 per cent 
and the unsaturated acids from 63 to 56 per cent, on the average. 
At the present time there does not seem to be any purpose in 
further speculation (1, 7) about the mechanism underlying the 
replacement of the natural fatty acids by elaidic acid. The study 
of the problem is being continued. 


DISCUSSION 


The results of this investigation have clearly shown that, as 
measured by the elaidic acid method, the turnover of fatty acids 
in the phospholipids in the liver may be substantially complete 
within 1 day, while in the kidney it is only about 60 per cent 
complete in 3 days. This rate of exchange of the fatty acids is 
in sharp contrast to the apparent rate of exchange of the phos- 
phoric acid in the phospholipids of both organs (5). The peak 
in radioactive phosphorus content is reached in 5 to 10 hours in 
the case of the liver and in about 24 hours in the case of the kidney. 

It is obvious that in making a comparison of the rates of ex- 
change of the fatty acids and the phosphoric acid in the phos- 
pholipids it would be best to carry out the determinations on 
the same animals under exactly the same conditions. Indeed, 
the conditions in Perlman and coworker’s experiments (5) are 
so different from those in the present study that it may be doubtful 
that the results should be compared. However, the apparent 
rate of turnover of the fatty acids is so distinctly different from 
that of the phosphoric acid that it seems very unlikely that the 
two really proceed at the same rate and are always mutually 
dependent on one another. 

According to the hypothesis that the phospholipids act as 
intermediaries in fatty acid transport and catabolism, one must 
visualize a rapid turnover of the fatty acids in such metabolic 
phospholipids. For the purpose of testing that hypothesis, the 
direct methods of estimating fatty acid exchange, such as the 
elaidic acid method, would seem to be most suitable. In the 
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case of the intestinal mucosa, the liver, and the blood plasma 
the fatty acids in the phospholipids do undergo a rapid turnover, 
It has seemed best therefore to conclude that, in these organs, 
phospholipids do act as intermediaries in fatty acid metabolism. 
On the other hand, the rate of turnover of the fatty acids in the 
phospholipids of the muscles (1) and, as the present results show, 
of the kidneys as well is considerably slower than the assumed 
rate of fatty acid catabolism in these organs. If one is correct 
in assuming that fatty acids enter the muscles and kidneys, either 
free or combined, before combustion begins, and also that fatty 
acids serve as a predominant source of energy to these cells when 
the diet is rich in fat, then the slow turnover of phospholipid 
fatty acids in muscles and kidneys must be related, not to fatty 
acid catabolism, but to those rather indefinite reactions which 
are summed up under the term wear and tear. And if wear and 
tear are responsible for the fatty acid exchange in kidney phos- 
pholipid, then it is easy to imagine why the rate of exchange of 
the phosphoric acid in the phospholipids can be quite different. 

At this time it perhaps should be pointed out that, although 
a rapid turnover of fatty acids in the phospholipids of an organ is 
certainly consistent with the hypothesis that phospholipids in 
that organ are acting as intermediaries in fat metabolism, it need 
not be regarded as proof that they do so. It is possible to imagine 
that the turnover of the fatty acids in the phospholipids of all 
the organs of the body is fundamentally due to the same process 
which goes on at different rates from one organ to another. 
Whether or not one wishes to attach a physiological function to 
the turnover of fatty acids or, as Weissberger has done (13), to 
that of phosphoric acid in the tissue phospholipids is mainly a 
matter of personal predilection. 


SUMMARY 


The rate of turnover of the fatty acids in the phospholipids of 
rat kidneys, as measured by the elaidic acid method, has been 
found to be comparatively slow. After 3 days of continuous 
elaidin ingestion, the uptake of elaidic acid by kidney phospho- 
lipids is only about 60 per cent complete. It may be estimated 
that the turnover would be about 90 per cent complete at the 
end of 1 week. 
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The rate of turnover of liver phospholipids, as in previous 
work, has been found to be quite rapid. The maximal uptake of 
elaidic acid by liver phospholipids occurs as early as 18 hours 
after its ingestion. 

The interpretation of the rates of turnover of the various con- 
stituents of the phospholipid molecule is discussed. 
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The fact that the phospholipids in animal tissues consist of 
three distinct types of compounds, the lecithins, cephalins, 
and sphingomyelins, was established by the pioneer work of 
Thudichum (1). And yet, even to-day, except for the specific 
réle that the cephalins play in the process of blood coagulation, 
nothing is known concerning the precise functions of each of 
these three types of phospholipids. 

When it became evident that the rate of turnover of the phos- 
pholipids in such organs as the liver, intestinal mucosa, and blood 
plasma (2, 3) is sufficiently rapid to make it probable that in 
these organs phospholipids act as intermediaries in fatty acid 
transport and metabolism, whereas in other organs such as the 
muscles (2) the turnover is too slow, it was suggested that the 
phospholipids in the various organs of the body may be comprised 
of two functionally distinct types, the metabolic and non-metabolic 
phospholipids. The relative proportions of these two types 
were assumed to vary from one organ to another. Now, it was 
fully realized that if such a functional differentiation between 
phospholipids does hold, it must have a chemical basis. It was 
natural therefore to wonder whether it might be possible that 
the nature of the nitrogenous base, which is known to influence 
the physicochemical properties of the phospholipid molecule, also 
determines its réle as an intermediary metabolite or as a structural 
component in the tissue cells. The chemical make-up of the 
sphingomyelins would seem to exclude them from consideration 
as metabolic phospholipids. 

* The results contained in this paper were presented before the American 
Society of Biological Chemists at Toronto, 1939. 
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From the beginning it had been found that the maximal per- 
centage of elaidic acid in the phospholipids, except in the case 
of the intestinal mucosa, was about 35 per cent, even though 
the elaidin which was fed contained about 85 per cent of elaidic 
acid. It was thought therefore that the composition of the non- 
metabolic component of the liver phospholipids might be more or 
less fixed and that the whole of the elaidic acid would be found 
in the metabolic component. And since, for a number of reasons, 
it had been concluded that the lecithins, rather than the cephalins, 
were more likely to be metabolic in function, it was hoped that 
all of the elaidic acid in the liver phospholipids would be found 
in the lecithins. An experiment showed, however, that the 
elaidic acid content of the alcohol-soluble fraction of the phos- 
pholipids was almost the same as that of the alcohol-insoluble 
fraction. Nevertheless it was decided to continue with the in- 
vestigation and especially to concentrate on the determination 
of the comparative rates of increase in elaidic acid in the lecithin 
and cephalin fractions of the liver phospholipids. Despite its 
shortcomings, it was necessary to depend upon the relative in- 
solubility of cephalins and the solubility of lecithins in cold ab- 
solute alcohol as a means of fractionation. 


EXPERIMENTAL 


Rats weighing 200 to 300 gm. were fed melted elaidin dropwise 
every 6 hours for periods ranging from 12 to 48 hours. In addition 
they were offered a diet rich in elaidin (Diet 290 (4)). After the 
allotted time, the animals were killed and the livers were extracted 
to remove the lipids. The ether-soluble lipids were separated 
into acetone-soluble and acetone-insoluble fractions according 
to the standard procedure (2). The insoluble fraction was trans- 
ferred to a 15 cc. centrifuge tube, reprecipitated with acetone, 
and then boiled with 5 cc. of absolute ethyl alcohol. The volume 
was adjusted to 3 cc. and the tube set away at about 4° over- 
night. After centrifuging, the precipitate was stirred up in 1 ce. 
of fresh absolute alcohol, cooled, and again centrifuged. The 
alcohol-insoluble (cephalin) fraction and the alcohol-soluble 
(lecithin) fraction were saponified, and the fatty acids extracted, 
purified, and separated into solid and liquid acids by the pro- 
cedure already described (5). 
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Results 


The data showing the percentage of lecithin as calculated from 
the sum of the lecithin and cephalin fatty acids, the percentage 
and iodine number of the solid acids, and the percentage of elaidic 
acid are given in Table I. It may be seen that, by the procedure 
used, 51.3 to 66.0 per cent of the total phospholipid fatty acids 
was found in the lecithin fraction. 

In the hope of getting some idea of the degree of fractionation 
of the liver phospholipids into lecithins and cephalins on the 
































TaBie I 
Turnover of Lecithins and Cephalins in Liver of Rats 
Lecithin fatty acids | —- Cephalin fatty acids 
amet id - 
° laidi ° ° | * . 

Time on e' n | Per cent \ Sttate is eases | Solid acids Biche 

| Per cent | I No. acid | Per cent I No. 
12 hrs. | 58.2 | 38.3 | 30.2 | 129 | 37.1 | 25.5 | 10.8 
_— 56.7 39.4 47.2 20.7 35.8 42.3 16.8 
18 ‘ | 64.8 34.9 48.1 | 18.6 34.5 43.0 16.5 
18 ‘“ 58.0 | 44.6 56.0 27.8 40.0 50.6 22.5 
a, * 57.1 | 42.9 54.1 25.8 39.3 48.2 21.1 
ee | 62.6 | 45.6 | 50.6 25.6 39.1 40.9 17.8 
Ry 53.5 | 41.3 | 42.4 | 19.6 | 39.2 | 34.4 | 16.0 
26 51.3 | 43.8 | 52.9 | 26.7 | 40.8 | 45.0 | 20.4 
— 66.0 | 47.7 | 56.5 30.0 «41.0 45.1 20.6 
8 wks.* 57.3 | 43.6 | 55.7 27.0 42.5 49.1 23.2 
a” 53.8 43.5 55.6 | 26.9 42.1 | 49.5 23.2 











* Raised from weaning age on Diet 290-C (4). 


basis of the solubility in absolute alcohol, a few determinations 
were made of the choline content of the aqueous solution left 
after saponification and extraction of the fatty acids with ether.' 
The Beattie method of precipitating the choline as the reineckate 
and estimating it colorimetrically was used (6). In some cases 
the choline was estimated directly on an aliquot of the aqueous 
solution; the remainder was neutralized, and then saponified with 
Ba(OH), according to the procedure described by Williams et al. 


! The author acknowledges the assistance of Mr. R. J. Fassina in estimat- 
ing the choline contents of the aqueous residues. 
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(7). No significant difference was found in the choline content 
before and after further saponification. An average of 80 per 
cent (70 to 84 per cent) of the total lipid choline was found in 
the aqueous residues from the lecithin fractions. Part of the 
20 per cent in the cephalin fractions may well have come from 
sphingomyelins which had been dissolved in the ether solution 
of the total lipids. 

In every one of the eleven experiments it was found that both 
the percentage and the iodine number of the solid fatty acids 
were higher in the lecithin fatty acids than in the cephalin fatty 
acids. Accordingly the elaidic acid content of the liver lecithins 
is consistently higher than that of the cephalins. The difference 
ranged from 2.4 to 9.4 per cent and averaged 4.9 per cent. 

When allowance is made for the lower maximal content of 
elaidic acid in the cephalin fraction, it is evident that the rate 
of uptake of elaidic acid is just about the same in the lecithins 
and cephalins of the liver. It is true that, when the elaidic acid 
content of the lecithins and cephalins is calculated as a percentage 
of the maximum, in all but one of the nine experiments the turn- 
over is greater for the lecithins than for the cephalins. Neverthe- 
less, the fact remains that these data indicate quite clearly that 
the cephalins in the liver undergo a rapid turnover. If the rate 
of turnover is a proper clue to function, then it must be admitted 
that the cephalins as well as the lecithins are intermediates in 
fat metabolism. 

In view of the fact that the choline determinations indicated 
that approximately 20 per cent of the total choline came out in 
the cephalin fractions, it might be thought that possibly the elaidic 
acid in the latter was in reality all contained in the contaminating 
lecithins. However, a calculation based on the assumption that 
20 per cent of the cephalin fraction consisted of lecithins and 
vice versa showed that, in the last two rats in Table I, the liver 
lecithins contained 30 per cent of elaidic acid and the cephalins 
contained 15 per cent. Furthermore, it had been found that in 
every case, although most of the liver phospholipid was soluble 
in boiling absolute alcohol, there was some that was not. Think- 
ing that perhaps this insoluble fraction might contain a higher 
proportion of true cephalins than that which separated out on 
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cooling, the two were analyzed separately. In two experiments, 
carried out on the extracts from the pooled livers of rats on a high 
elaidin diet, the fraction insoluble in hot alcohol, amounting to 
19 and 25 per cent of the total cephalin fraction, contained 17.7 
and 19.0 per cent of elaidic acid; the cephalins which separated 
out of the alcohol on cooling contained 17.9 and 21.0 per cent, 
respectively. Thus there was no evidence to indicate that the 
true cephalins take up no elaidic acid. However, the question 
needs to be investigated further. 


DISCUSSION 


The idea that the lecithins might have a metabolic function 
and the cephalins a structural or at least a non-metabolic function 
evidently has appealed to a number of workers within the last 
couple of years. In a recent review Bloor (8) has summarized 
the evidence that lends support to the idea. 

The results of this present study, however, are not in harmony 
with the view that the lecithins alone, and not the cephalins, 
are intermediates in fat metabolism. It is clearly shown that, 
although the total uptake of elaidic acid by the lecithins is greater 
than by the cephalins, the rates of exchange of the fatty acids in 
the lecithins and cephalins of the liver are practically the same. 


SUMMARY 


The rates of turnover of the fatty acids, as measured by the 
rate of uptake of elaidic acid, are practically the same in the 
lecithins and cephalins of the liver of the rat. On the other hand, 
the maximum percentage of elaidic acid is significantly greater in 
the lecithins than in the cephalins. 

If the rate of turnover of the fatty acids is taken as a criterion 
of the function of the phospholipids, these results do not support 
the idea that the lecithins alone are intermediates in fat metab- 
olism and that the cephalins have exclusively a non-metabolic 
function. 


BIBLIOGRAPHY 


1. Thudichum, J. L. W., A treatise on the chemical constitution of the brain, 
London (1884). 











NO oe Ww PO 


@ 








88 Turnover of Lecithins and Cephalins 


. Sinclair, R. G., J. Biol. Chem., 111, 515 (1935) ; 116, 211 (1936). 

. Sinclair, R. G., and Smith, C., J. Biol. Chem., 121, 361 (1937). 

. Sinclair, R. G., J. Nutrition, 19, 131 (1940). 

. Sinclair, R. G., J. Biol. Chem., 134, 71 (1940). 

. Beattie, F. J. R., Biochem. J., 30, 1554 (1936). 

. Williams, H. H., Erickson, B. N., Avrin, I., Bernstein, 8. S., and Macy, 


I. G., J. Biol. Chem., 123, 111 (1938). 


. Bloor, W. R., Physiol. Rev., 19, 557 (1939). 





S8382Hpwpsret 


fe 
fa 
of 


of 


pl 
en 


br 
in 
in 
al 
of 
Ww 
uy 
of 


th 











THE EXCLUSION OF ELAIDIC ACID FROM THE PHOS- 
PHOLIPIDS OF THE TESTES AND ITS UPTAKE BY 
OTHER ORGANS OF THE RAT 


By ROBERT GORDON SINCLAIR 


(From the Department of Biochemistry, Queen’s University, Kingston, 
Canada) 


(Received for publication, February 28, 1940) 


The use of elaidic acid as a means of studying the turnover of 
phospholipids in the animal body is based on the premise that, 
as it is readily absorbed and burned, elaidic acid is probably 
transported and otherwise treated in the body in a manner com- 
parable to stearic and oleic acids, its closest chemical relatives. 
The original observation that elaidic acid rapidly becomes in- 
corporated into the phospholipids of the liver and more slowly 
into those of the skeletal muscles and, after more prolonged 
feeding, makes up about one-third of the total phospholipid 
fatty acids of these organs (1) is believed to prove the correctness 
of that premise. A single exploratory experiment having demon- 
strated clearly that elaidic acid enters into the phospholipids 
of the kidneys, the heart, the blood plasma, and the red blood 
cells, it was thought that the entrance of elaidic acid into the 
phospholipids was common to all organs of the body, the rate of 
entrance being a function of, and therefore a measure of, the 
rate of turnover. 

Some time later McConnell and Sinclair (2) found that the 
brain was an exception to all of the other organs studied. Even 
in rats which had been fed elaidin throughout their entire lifetime, 
including the intrauterine period, elaidic acid amounted to only 
about 10 per cent of the fatty acids in the lecithins and cephalins 
of the brain. Accordingly, it was concluded that, while there 
was probably a considerable selection exercised in the building 
up of certain phospholipids in all organs of the body, this process 
of selection was much more rigorous in the case of the brain. At 
the time it was felt that this high degree of selection in the brain 
was probably peculiar to nervous tissue. 
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Recently it has been discovered that in the testes of rats there 
is a still more rigorous selection in the building up of the cellular 
phospholipids. Elaidic acid is completely excluded. Apart 
from the fact that the absence of elaidic acid from the phospho- 
lipids of the testes would seem to indicate the absence of phospho- 
lipids acting as intermediates in fat metabolism, nothing is known 
as to the physiological significance or the mechanism of the selec- 
tive synthesis of the phospholipids. 


EXPERIMENTAL 


The observation that elaidic acid did not appear in the phospho- 
lipids of the testes was first made on a group of rats which had 
been fed elaidic acid over a period of 1 to 4 days for the primary 
purpose of determining the rate of turnover of kidney phospho- 
lipid (3). In order to find out whether the non-appearance of 
elaidic acid was due to a very slow turnover or to a process of 
exclusion comparable to that in the brain, the testes of three 
groups of rats which had been raised on a high elaidin diet from 
40 to about 280 gm. were analyzed. The procedure employed 
has already been described (3). The results are given in Table I. 
In all cases the testes of two or more rats were pooled. 

The iodine numbers of the solid acids (Column 5) clearly show 
that there is no significant increase above the control level in the 
animals fed elaidin. The values, it is true, tend to be somewhat 
higher than the four controls, but the difference is so small that 
it would require a large number of experiments to test its reality. 
The percentages of solid acids (Column 4) also are practically 
the same in the controls and in those rats fed elaidin. Accord- 
ingly, since the percentage of elaidic acid is calculated from the 
percentage and iodine number of the solid acids, the values for 
elaidic acid (Column 7) are substantially the same in those animals 
fed elaidin as in the controls. 

It had been observed that the testes of the first two groups 
raised on the high elaidin diet were small and flabby as compared 
with those of normal rats (Column 2). This could readily be 
attributed to the inadequacy of vitamin E. The percentage of 
phospholipid fatty acids (Column 3), on the other hand, appeared 
to be normal. However, to exclude the possibility that the 
absence of elaidic acid from the testicular phospholipids was due 
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to atrophy of the testes, the third group of rats was given 
a-tocopherol. The testes were quite normal in size and appear- 
ance. The phospholipid content was unchanged. The iodine 
number and percentage of solid acids in the phospholipid fatty 
acids were actually closer to the control values than in the other 
two groups. 

When it became certain that elaidic acid was excluded in the 
building up of testicular phospholipid, it became clear that other 


























TaBLe I 
Absence of Elaidic Acid from Phospholipids in Rat Testes 

| Weight of I No. 
py asim “age BS LE | 

s | acids acids 

a) | weigh © | » | @ | (7) 

gm. per cent per cent 
Stock diet, Purina | 0.890 | 35.0 | 8.7 | 20 | 3.4 
Fox Chow | 0.984 34.7 | 9.7 200 3.7 

0.88 | 0.986 | 36.0 | 9.7 | 219 | 3.9 
0.760 | 36.0 8.7 224 3.5 
Highelaidindiet, | 1.17 | 0.830 34.5 7.4 202 2.8 
1 day* | 1.00 | 0.820 | 33.8 8.8 | 223 3.3 
Same, 2 days* 0.87 1.023 34.6 12.6 | 191 4.8 
0.68 | 0.819 | 33.2 12.9 | 210 4.8 

oe Ble 0.79 | 0.902 32.9 11.8 171 4.3 
“ 4** | 1,08 | 0.700 | 34.5 10.1 225 3.9 
Raised on high | 0.56 | 0.945 | 31.8 11.7 | 194 4.1 
elaidin Diet 290-| 0.75 | 31.4 10.7 | 211 3.7 
C (4) 1.12¢ | 0.985 | 35.4 | 9.8 | 226 3.9 











* Fed elaidin every 4 hours in addition to the high elaidin diet. 
t a-Tocopherol added to diet. 


organs of the rat should be studied. However, the necessity 
of having not less than about 30 mg. of phospholipid fatty acids 
for the elaidic acid determination makes such a study difficult 
even though the organs from several rats are pooled. To confirm 
a single determination made several years ago, hearts were ana- 
lyzed. An analysis has been carried out on lungs. A summary 
of the data at hand concerning the percentage of elaidic acid in 


'To every 100 gm. of Diet 290-C (4) were added 100 mg. of ephynal 
kindly donated by Hoffmann-La Roche, Ltd., Montreal. 
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the phospholipid fatty acids of the various organs of rats which 
had been raised on the high elaidin diet, No. 290-C (4), is given in 
Table II. It needs to be emphasized that the phospholipids of 
control animals fed on either stock diets or on synthetic diets con- 
taining common fats and oils have an apparent elaidic acid content 
of about 4 per cent. 
On inspection of the values in Column 7 of Table II, it will be 
seen that the elaidic acid contents of the phospholipids of the 
: small intestine, the liver, skeletal muscle, kidneys, heart, and 
s | red blood cells are almost the same. The low value for the blood 
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TaBLe II 
Comparative Uptake of Elaidic Acid by Various Organs of the Rat 


I No. 





No. of Phospho- Per cent a Elaidie 
Organ determina-| lipid fatty | of solid — mn ‘acid 
tions acids acids om —_ 
(a) (2) e | wo | @® | @ |] @ 
per cent | per cent 
Small intestine 4 0.731 47.8 54.6 168 | 29.2 
Liver 6 2.75 43.8 | 54.0 | 235 | 26.4 
Skeletal muscle 4 0.691 | 40.6 61.0 | 210 | 27.5 
Kidney 4 1.89 | 40.8 | 56.8 | 207 | 25.8 
Heart 2 1.11 | 41.6 | 60.0 | 266 | 27.8 
1.70 | 37.2 | 58.8 | 272 | 24.3 
Blood plasma 1 32.1 36.0 | 121 | 12.9 
«cells 1 0.272 | 48.1 | 54.3 | 200 | 29.0 
Lungs 1 1.46 47.8 | 36.3) 185 | 19.3 
Brain 1 | 3.16 30.9 20.3 189 | 7.0 
3 10.7 | 


Testes 0.965 32.9 210 3.9 





plasma of the rat is questionable, since it is a single analysis and 
especially in view of the much higher values which are found in 
the blood plasma of cats (5). The low value for the lungs may 
be open to question, since it is a single determination; however, 
there is no reason to suspect its accuracy. The single determina- 
tion on the brain was carried out recently and is in complete 
i agreement with the extensive analyses published previously (2). 
Incidentally, the lecithins and cephalins of the brain (the ether- 
insoluble lipids having been removed) were analyzed separately. 
The cephalin fatty acids amounted to 60.6 per cent of the total 
phospholipid fatty acids. For the lecithin and cephalin fractions, 
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respectively, the percentages of solid acids were 32.4 and 29.8 
per cent; the iodine numbers of the solid acids were 21.1 and 19.8; 
and the elaidic acid percentages were 7.6 and 6.6. 


DISCUSSION 


The clear cut evidence that elaidic acid is excluded from the 
phospholipids of the testes even more rigorously than from those 
of the brain raises anew the question of the physiological function 
of the non-metabolic phospholipids, the relationship between 
function and composition, and, above all, the mechanism by 
means of which the composition is controlled. It would appear 
certain that, since elaidic acid is the predominant fatty acid being 
burned in the body, its complete absence from the testicular 
phospholipids indicates that the latter must have exclusively a 
non-metabolic function. But as to what that function is, the 
present results offer no clue. Naturally, elaidic acid cannot be 
used to measure the rate of turnover of testicular phospholipids. 
According to Artom et al. (6) the turnover of the phosphoric acid, 
at any rate, is comparatively slow. 

At the present time it is impossible to formulate any satisfactory 
hypothesis as to the probable mechanism by means of which 
elaidic acid is excluded from the phospholipids of the testes and 
yet is incorporated into those of most of the other organs of the 
body. The various possible explanations fall into two distinct 
groups. In one group are those which involve a selection of 
certain fatty acids from the mixture circulating in the blood 
stream. This selection might conceivably result from differential 
permeability of membranes or from enzyme specificity. Opposed 
to these is the assumption that the cells of the testes are quite 
impermeable to all fatty acids of whatever nature and in whatever 
compound. Those fatty acids which are required for phospholipid 
synthesis during growth would necessarily have to be synthesized 
from carbohydrate in situ. 


SUMMARY 


Elaidic acid is not incorporated into the phospholipids in the 
testes of rats, even though elaidin is fed during the entire period 
of growth from weaning age on. The exclusion of elaidic acid is 
more rigorous than had previously been observed in the brain. 
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T In all other organs studied—small intestine, liver, skeletal 
muscle, kidneys, plasma and red cells of the blood, and lungs— 
elaidic acid becomes incorporated in large amounts into the 











phospholipids. 
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GLYCINE AND HISTIDINE FEEDING AND CREATINE, 
CREATININE, AND INORGANIC PHOSPHORUS 
EXCRETION IN MAN 


By ELIZABETH HYDE 
(From the Division of Biochemistry, University of California Medical 
School, Berkeley, and the Laboratory of Chemistry, Wells 
College, Aurora, New York) 
(Received for publication, February 7, 1940) 


The relation of glycine to creatine metabolism is of particular 
interest because of the fact that the ingestion of glycine by persons 
with progressive muscular dystrophy results in an increased excre- 
tion of creatine, and, sometimes, in a feeling of increased muscle 
strength. Some investigators (1-3) have observed an increase in 
the urinary creatine or total creatinine of normal adult men follow- 
ing the ingestion of glycine, while others (4-7) have not observed 
this effect. 

Data reported upon the urinary creatine-creatinine following 
the administration of histidine are also of a contradictory nature 
(1, 8-15). In most of these studies animals, rather than human 
subjects, have been used. 

This is a report of two types of experiments to determine the 
effect of the ingestion of glycine upon the creatine and creatinine 
excretion of normal men and women, and of one experiment to 
determine the effect of the ingestion of histidine upon these urinary 
components in the case of a normal woman. Because of their low 
creatine tolerance women are especially suitable as subjects for 
studies of this type. In three of these experiments the urinary 
inorganic phosphorus was also followed. 


EXPERIMENTAL 


In each of the experiments there were three periods: a pre- 
liminary period which served to show the normal excretion of 
creatine and creatinine by each subject, an ingestion period, and 
an after period. For a few days before and throughout the 
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duration of the experiments, the subjects ate well balanced, 
meat-free diets of constant composition containing milk, eggs, 
cheese, fruits, vegetables, and whole wheat bread. Complete 24 
hour collections of urine were made and each collection was diluted 
to a fixed volume, except in a few cases when the collections 
exceeded this volume. Total and preformed creatinine were 
determined daily by the method of Folin (16). Purified creatinine 
zinc chloride was used as the standard. The total urinary nitrogen 
for each period was determined by the Kjeldahl-Gunning method. 
In the long continued ingestion experiments the urinary inorganic 
phosphorus was determined daily by the method of Fiske and 
Subbarow (17). From time to time qualitative tests were made 
for certain pathological constituents in the urine. These were 
negative, except as indicated in Tables I and III. 

The glycine used was obtained from the Amino Acid Manu- 
factures of the University of California at Los Angeles. The 
l-histidine monohydrochloride monohydrate used was obtained 
from the University of Illinois, Urbana. Both of these substances 
were of known purity. These supplements were administered 
with milk or with water at breakfast or at luncheon when given 
once daily, and at each of these meals when given twice daily. 

The results of the experiments are summarized in Tables I 
to III. The data represent the average daily output of each com- 
ponent for the periods indicated except when the period consists 
of 1 day only. In that case the single day’s output is given. 
The days of each period and the periods followed each other 
consecutively, except during the menstrual periods, when no 
collections were made, and except in the case of an occasional loss. 
Quantities of urinary creatine are always expressed in terms of 
creatinine. 


DISCUSSION 


Prolonged Ingestion of Glycine (Table I)—During a period of 53 
consecutive days Subject 1 ingested an amount of glycine equiva- 
lent to 197 gm. of creatine. There was no significant change in 
the urinary creatinine throughout the experiment. In the period 
when 9.16 gm. of glycine (equivalent to 16 gm. of creatine) were 
ingested daily there was a slight increase in the creatine output, 
but the increase did not continue throughout the period. Begin- 
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TaBLe | 
Effect of Prolonged Ingestion of Glycine upon Urinary Creatinine, 
Creatine, and Inorganic Phosphorus* 
Subjects 1 and 2 received meat-free diets of constant composition con- 
taining 13.61 gm. of nitrogen and supplying 2726 calories. 














| Urine meee 
Subject No. Days 
Total N Inorganic | Creatinine as cre “tai 
gm. gm. gm gm. gm. 
1. Young woman, 1-7 9.4 .23 15 0.06 0.00 
65.7 kilos at begin- | 8-14 | 9.9 | 1.15 0.08 | 0.00 
ning, 67.5 kilos at | 15-21 | 10.2 | 1.25 0.09 | 0.57 
end of experiment | 22-28 | 10.0 | 1.27 0.07 | 0.57 
29-35 | 10.3 | 1.32 0.08 | 0.57 
36-42 | 10.3 27 | 0.10 | 1.15t 
43-49 10.2 25 | 0.09 | 1.15t 
50-56 | 9.5 .26 0.10 | 2.29t 
57-63 | 10.2 | 1.30 0.09 | 4.58t 
64-67t| 10.7 21 0.12 | 9.16t 
68-74t| 9.5 .29 0.10 | 0.00 
75-81 | 9.7 26 0.11 | 0.00 
82-90 | 9.5 29 . 
2. Young woman, 1-7 0.07 0.00 


57.8 kilos at begin- | 8-14 
ning, 60.5 kilos at | 15-21 
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end of experiment | 22-28 11 0.08 0.57 
29-35 12.7 09 0.08 0.57 
36-42 | 12.9 16 0.09 0.57 
43-49 | 12.3 11 0.09 0.57 
50-56 | 12.9 15 0.10 0.57 
57-63 | 12.9 12 0.10 1.15t 
64-70 | 12.4 15 0.10 2.29 
71-77 | 13.0 16 0.14 4.58t 
78-79 | 13.4 19 0.19 4.58t 
| 80-86§| 11.9 17 1.09 0.15 0.00 
| 87-93 | 11.7 17 | 1.12 | 0.12 | 0.00 
* The figures represent the daily average output for the periods indi- 


cated. 

t Divided into two equal doses. 

t Benedict’s test for urinary sugar gave a slight green precipitate at 
times during these periods. 

§ Beginning with the latter part of this period 35 gm. of bread were 
omitted from the diet. 
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ning with the Ist day of this period the amounts of creatine 
(expressed as creatinine) excreted daily were 0.13, 0.13, 0.15, and 
0.09 gm. During the first after period the daily excretion of 
creatine was like that of the early days of the experiment. Be- 
cause of the normal daily variation in the creatinuria of women 
the above increases do not seem significant. In fact, on the 12th 
day of the after period 0.15 gm. of creatine (expressed as creatinine) 
were excreted by this subject, and on the 22nd day 0.13 gm. 

During a period of 58 consecutive days Subject 2 ingested an 
amount of glycine equivalent to 149 gm. of creatine. In this 
case, also, there was no significant change in the urinary creatinine 
throughout the experiment. The urinary creatine increased 
somewhat when 4.58 gm. of glycine were ingested daily. Begin- 
ning with the 1st day of this period the amounts of creatine (ex- 
pressed as creatinine) excreted daily were 0.10, 0.12, 0.13, 0.13, 
0.15, 0.17, 0.16, 0.19, and 0.19 gm. The increase in creatinuria 
persisted at a gradually decreasing rate during the first after 
period, the amounts (expressed as creatinine) then excreted daily 
being 0.18, 0.17, 0.14, 0.15, 0.16, 0.12, and 0.14 gm. However, 
if creatine is one of the important products of the catabolism of 
exogenous glycine, a larger amount of urinary creatine would be 
expected during the ingestion of an amount of glycine equivalent 
to 72 gm. of creatine, and particularly since an amount of glycine 
equivalent to 77 gm. of creatine had been ingested during the 49 
days preceding. The total amount of creatine (expressed as 
creatine) excreted by this female during the last 9 days of the 
ingestion of glycine and during the after period of 14 days exceeded 
the total amount of creatine excreted during the preceding 23 
days by about 1.10 gm. Her creatine tolerance, determined by 
the method of Milhorat and Wolff (18), was 56 per cent. Assum- 
ing her tolerance for creatine, if synthesized from the ingested 
glycine, to be the same as for ingested creatine, the excretion of 
1.10 gm. of extra creatine represents the metabolism of 2.5 gm. 
of extra creatine. And if this extra creatine had been synthesized 
from the ingested glycine by the Sasaki reaction (19), or by any 
reaction in which 1 molecule of glycine took part in the formation 
of a molecule of creatine, only 1.43 gm., or about 3.47 per cent of 
the amount of glycine ingested during this time, would have been 
needed for the synthesis. 
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During an unusual storage of creatine in the muscles one would 
expect an increased utilization of phosphorus in the formation 
of creatine phosphate. Brown and Imbrie (20) observed that 


TaB_e II 
Effect of Ingestion of Single Doses of Glycine upon Urinary Creatinine 
and Creatine* 


Urine 











Subject No. | Daysin | ————______ Glycine 
period | Total N Creatinine | Creatine as | : 

gm. gm. } gm. gm. 

2. Young woman, 55.7 3 | 10.0 1.09 | 0.16 0.00 
kilos 1 | 10.3 | 1.13 | 0.16 9.16 
3 10.5 | 1.09 0.16 0.00 

3. Young male adult, 67.6 8 10.0 | 1.71 0.02 | 0.00 
kilos | 4a | 128 | 1.82 | 0.02 | 9.16 
2 | 11.3 | 1.70 | 0.04 0.00 

7 | 1.5 | 1.73 | 0.00 | 0.00 

1 | 12.0 | 1.65 | 0.01 | 9.16 

2 | 11.4 | 1.73 | 0O.OL 0.00 

4, Young woman, 62.2 9 | 12.3 | 1.82 | 0.02 0.00 
kilos 1 14.0 | 1.32 | 0.01 | 9.16 
2+ | 18.3 1.36 0.03 0.00 

5. Young woman, 54.0 3 10.3 | 1.18 0.07 0.00 
kilos 1 | 12.4 io | 0.07 | 9.16 
3 | 10.5 1.14 0.04 0.00 

6. Middle-aged woman, 10 8.2 0.94 0.05 0.00 
55.0 kilos 1 10.3 | O91 | 0.07 9.16 
3 8.6 | 0.92 | 0.08 0.00 

3t | 98.7 | (0.93 | 0.06 | 0.00 

Beciv deans Mitel 0.96 0.06 9.16 

2 | 9.5 | 0.95 | 0.05 | 0.00 





* The figures represent the daily average output for the periods indi- 
cated. 

t On the 2nd day of this period the energy value of the diet was in- 
creased by 482 calories and the nitrogen intake by 2.0 gm. 

t Beginning with this period the energy value of the diet was increased 
by 372 calories and the nitrogen intake by about 2.0 gm. 


creatine administration induced a fall in the output of urinary 
phosphate in proportion to the extent of creatine retention in the 
case of anesthetized cats. Stacey (21), after oral administration 
of creatine to human subjects, noted a definite fall in the inorganic 
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phosphate concentration of the blood plasma concomitant with 
a rise in its concentration of total creatinine. The data obtained 
in this study do not indicate any increase in the retention of 
phosphorus during the ingestion of glycine, and therefore do not 


TaBLe III 
Effect of Prolonged Ingestion of l-Histidine upon Urinary Creatine, 
Creatinine, and Inorganic Phosphorus* 
Subject 2 (a young woman weighing 55.7 kilos) received a meat-free diet 
of constant composition containing 11.9 gm. of nitrogen and supplying 2355 
calories. 








Urine 

















aie Psa Wikis. Eos i a a 0 
Total N Inorganic P | Creatinine Conaiee ee | “daily 
gm. gm. gm. gm. gm. 
1-7 8.2 0.84 1.08 0.11 | 0.00 
8-14t 8.9 0.85 1.10 0.12 0.00 
15-21 8.7 0.92 1.09 0.10 0.00 
22-28 | 9.5 0.98 | 1.11 0.11 1.60 
2-35 | 8.9 0.89 1.12 0.13 1.60 
36-42 9.8 0.92 1.13 0.10 1.60 
449 | 98 | 0.93 1.15 0.12 1.60 
50-52 | 9.3 | 0.93 1.12 0.12 | 1.00 
53-55§ 8.9 0.94 1.11 0.12 | 3.2 
56-62 (9.1 1.00 1.10 0.11 0.00 
63-69 | 9.2 1.03 1.09 0.10 | 0.00 
70-74 | 9.1 0.98 1.08 0.12 | 0.00 








*The figures represent the daily average output for the periods 
indicated. 

t l-Histidine monohydrochloride monohydrate divided into two equal 
doses, and with each dose an amount of sodium bicarbonate to neutralize 
the hydrochloric acid completely. 

t Beginning with the 3rd day of this period the energy value of the diet 
was increased by 170 calories and the nitrogen intake was increased by 
3.45 gm. 

§ Benedict’s test for urinary sugar gave a slight green precipitate. 


suggest an increased storage of creatine in the case of either of 
these two women. 

Ingestion of Single Doses of Glycine (Table II)—The creatine 
tolerance of some of the subjects used in this phase of these studies 
was determined while they were receiving the constant, meat-free 
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diets. The creatine tolerance of Subject 2, who served in both 
types of glycine feeding experiments, was 56 per cent. Subject 
3 excreted 0.09 gm. of extra creatine while ingesting 1 gm. of 
creatine daily, and exhibited a slight creatinuria on a meat-free 
diet when not ingesting creatine. Subject 5 excreted 0.10 gm. of 
extra creatine on the 2nd day of the daily ingestion of 1 gm. of 
creatine. The tolerance of Subject 6 for ingested creatine, de- 
termined by the method of Milhorat and Wolff (18), was 80 per 
cent. Notwithstanding the inability of some of these individuals 
to retain 1 gm. of ingested creatine, in no case did the ingestion of 
an amount of glycine equivalent to 16 gm. of creatine produce any 
significant change in the excretion of creatine. Similar results, 
which are not reported, were obtained in the performance of this 
type of experiment with other subjects. 

Prolonged Ingestion of l-Histidine (Table II])—During this study 
the diet of Subject 2 was similar in composition to that which she 
received during the prolonged ingestion of glycine but was lower 
in calorie and nitrogen value. An amount of |-histidine equivalent 
to 1 gm. of creatine was ingested daily for 31 consecutive days, and 
twice this amount for the next 3 days. During this time the 
urinary excretion of inorganic phosphorus, creatine, or creatinine 
was not significantly different from that of the fore and after 
periods. Therefore there was no demonstration of an influence 
of exogenous histidine upon the synthesis or excretion of creatine 
or creatinine. 

Regarding Positive Benedict’s Tests—No explanation can be 
offered for the slightly positive tests for sugar in the urine of 
Subjects 1 and 2 during a part of the experiment. This occurred 
in the case of another subject when he took 9.16 gm. of glycine in 
a single dose. These persons had had occasional urine sugar tests 
made previous to the experiment and none had indicated sugar. 
After the completion of the experiments tests for sugar in the 
urine of these subjects were negative. 


SUMMARY 


The daily administration of an amount of glycine equivalent to 
1 gm. of creatine exerted no noticeable influence upon the urinary 
creatine, creatinine, or inorganic phosphorus of two healthy young 
women, although the ingestion was continued for 3 and 5 weeks 
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respectively. Nor did the excretion of these components change 
sufficiently to support the hypothesis that exogenous glycine is 
changed to creatine or creatinine by normal women, even though 
the amount of glycine administered was increased by doubling the 
daily dose for successive periods until finally, in the one case, an 
amount of glycine equivalent to 16 gm. of creatine was ingested 
daily for 4 days, and, in the other case, an amount equivalent to 8 
gm. of creatine was ingested daily for 9 days. 

Single doses of an amount of glycine equivalent to 16 gm. of 
creatine produced no significant effect upon the excretion of 
creatine or creatinine of several normal men and women. 

The daily administration of an amount of [-histidine equivalent 
to 1 gm. of creatine for 31 consecutive days and of an amount 
equivalent to 2 gm. of creatine for the next 3 days exerted no 
noticeable influence upon the urinary creatine, creatinine, or 
inorganic phosphorus of a normal young woman. 


The author wishes to express her appreciation of the kindness 
of Professor C. L. A. Schmidt who permitted her to use the 
facilities of the biochemical laboratory of the University of 
California for some of these experiments. 
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Phenylpyruvic oligophrenia is an inborn error of metabolism 
characterized clinically by mental deficiency and chemically by 
the excretion of phenylpyruvic acid in the urine. It was shown 
previously that the feeding of a diet rich in protein or the ingestion 
of phenylalanine, phenylpyruvic acid, and of phenyllactic acid to 
patients afflicted with this syndrome resulted in an increased 
excretion of phenylpyruvic acid in the urine (1). The present 
paper contains observations on the phenylalanine and phenyl- 
pyruvic acid contents of the blood of normal and oligophrenic 
individuals, on the phenylalanine and phenylpyruvic acid content 
of the spinal fluid of these patients, and on the effects’ upon these 
values of feeding protein, phenylalanine, phenylpyruvic acid, 
phenyllactic acid, and tyrosine. 


EXPERIMENTAL 
Methods 


For the quantitative determination of phenylalanine the fol- 
lowing procedure was used. The blood or spinal fluid proteins 
were precipitated with 5 volumes of 10 per cent trichloroacetic 
acid; the precipitate was removed by centrifugation and washed 

* Aided by a grant from Child Neurology Research (Friedsam Founda- 
tion). faa! 
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twice with 1 volume of 5 per cent trichloroacetic acid. The com- 
bined filtrates and washings were diluted to volume and suitable 
aliquots were evaporated to dryness in a porcelain dish on the 
steam bath. The estimation of phenylalanine was carried out on 
the residue by means of the nitration method previously described 
(2, 3), by use of the Evelyn colorimeter with Filter 560 mu. 

It was shown (Table I) that the amount of color developed is 
proportional to the amount of phenylalanine used and that tyro- 
sine, tyrosine and glycine, an excess of an amino acid mixture 
consisting of tyrosine, glycine, glutamic acid, arginine, and histi- 


TABLE | 
Proportionality of Amount of Color Developed by Phenylalanine 
All reactions were carried out four or more times; average values are 





Optical density; L = 2 — log G (G = galvanometer readings)* 








poly . — 
Lyi~ | 2 mg. tyro- : , 36 mg. 
alani 1 mg. 2 mg. : A d : 
= Alonet a. I wgunsion | mg. glycine dune hydr =< 
mg. | | | } 
0.5 0.194 | 0.187 0.187 | 0.194 | 0.201 | 0.201 
1.0 0.409 0.420 | 0.432 0.409 0.420 | 0.444 
1.5 0.585 0.620 0.620 | 0.620 0.620 | 0.502 
2.0 0.824 0.824 0.7 0.770 0.854 0.796 








* From the table in “Notes on operation of the Evelyn photoelectric 
colorimeter.”’ 

t These figures are in terms of optical density (LZ) and when divided by 
the respective concentration (C) of phenylalanine give a constant value 


(L/C = K). 


dine, or a protein hydrolysate does not interfere with the determi- 
nation. The use of the color filter makes unnecessary the removal 
of tyrosine and histidine as described by Kapeller-Adler (2). 

Moreover, various amounts of phenylalanine were added to 
samples of blood from normal individuals and the samples were 
treated as described above. The recovery of phenylalanine is 
shown in Table II, in which the results are expressed in net values 
after deduction of the blank. 

Phenylpyruvic acid was determined colorimetrically by the 
green color which develops when ferric chloride is added to an 
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aqueous solution of the acid (4). The test was performed as 
follows: 2 cc. of a 1 per cent aqueous soluton of FeCl; were added 
to 20 ec. of the trichloroacetic acid blood or spinal fluid filtrates. 
As the green color is unstable, the reading was made in the Evelyn 
colorimeter (Filter 620 my) at the point of maximum deflection of 
the galvanometer. The reaction was found to detect as little as 
0.005 mg. per ce. of phenylpyruvic acid or about 0.04 mg. per cc. 
of blood under the experimental conditions here followed. 
Feeding Experiment—Seven male and nine female patients were 
studied during the course of this investigation; their ages varied 
between 4 and 40 years, their intelligence quotients being between 
5 and 50. Four normal subjects were included as controls. The 


TaBie II 
Recovery of Phenylalanine Added to Human Blood (10 Cc.) 
All reactions were carried out four or more times; average values are 
given. 














Recovery 
Phenylalanine 0 De ee ee «a s - 
Experiment 1 Experiment 2 
0.5 0.45 0.45 
1.0 1.0 1.0 
2.0 2.0 | 2.0 
5.0 5.0 4.5 
10.0 | 9.7 | 9.9 








phenylalanine content of the blood and spinal fluid was determined 
after ingestion by fasting (16 hours) subjects of (a) a protein-rich 
meal consisting of 250 gm. of meat, 50 gm. of cheese, 200 ce. of 
milk, and various vegetables, (b) dl-phenylalanine, (c) phenyl- 
pyruvic acid, (d) dl-phenyllactic acid, and (e) J-tyrosine. In 
each experiment phenylalanine and phenylpyruvic acid were 
determined at the fasting level and 2, 4, and 6 hours following the 
ingestion of the compound. For each estimation four replicate 
determinations were carried out on two different samples of blood 
drawn at the same time. 

The following results were obtained. Under the conditions of 
analysis, the blood obtained from normal fasting individuals con- 
tained so little phenylalanine that it could not be determined with 
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even a fair degree of accuracy. In contrast, blood from sixteen 
fasting patients afflicted with phenylpyruvic oligophrenia con- 
tained from 15 to 41 mg. of phenylalanine per 100 cc. The spinal 
fluid of five fasting patients contained from 4 to 12 mg. of phenyl- 
alanine per 100 cc. Phenylpyruvic acid was not found in the blood 
or spinal fluid in any instance. 

The ingestion of a high protein meal by eleven patients resulted 
in an appreciable increase of blood phenylalanine in nine experi- 


Taste III 
Feeding of Phenylalanine and Related Compounds 


| Blood phenyisienian, 


























Substance fed | Patient a6 5a oe 
| Obr. | 2hrs. | 4hrs. | 6hrs. 
dl-Phenylalanine, 5 gm. | M. M. | 18 | 25 | 24 «| 23 
nos M. B. 2% | 28 | 34 | 2% 
C. 8. '31 |38 | 42 | 35 
| Ww. C. 41 | 53 | 43 | 52 
W. K. 4 | 48 | 45 | 51 
Phenylpyruvic acid,5 | M. K. | 34 | 34 «42 36 
gm. M. B. | 23 | 29 29 28 
W. K. (17 | 23 OY | 27 
dl-Phenyllactic acid, 5 | M. K. 140 |48 | 45 | 51 
and 10 gm. W. R. | 24 | 31 | 27 28 
M. B. | 36 | 42 43 45 
l-Tyrosine, 10 gm. | Average, 3 patients | 19 | 19 | 21 | 20 
Controls 
dl-Phenylalanine, 5 gm. | Average, 3 controls 0-1; 2-3 | 2-3) 0-1 
Phenylpyruvie acid, 5 | 8. T. | O11; O11; 23 | 0-1 


| 
Em. | aa 





ments, averaging 6 mg. per 100 ce. of blood. In one instance, 
the level rose from 27 to 45 mg. per 100 cc. No phenylpyruvic 
acid was detected in the blood in any of these experimentsso 
The feeding of 5 gm. of dl-phenylalanine to five oligophrenic 
individuals resulted in an appreciable rise in blood phenylalanine, 
with a maximum of 30 per cent of the fasting level (Table III). 
5 gm. portions of phenylpyruvic acid were fed to four oligo- 
phrenies. A distinct rise in blood phenylalanine was found in 
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each instance (Table III) but no detectable quantity of phenyl- 
pyruvic acid appeared in the blood after either phenylpyruvic 
acid or phenylalanine was fed. 

The data presented in Table III show that the ingestion of tyro- 
sine had no apparent influence on the phenylalanine content of the 
blood. The ingestion of phenylalanine or of phenylpyruvic acid 
by normal individuals resulted in a slight increase in the blood 
phenylalanine (Table III). 

The phenylalanine content of the spinal fluid was determined 
in two patients 6 hours after the ingestion of 5 gm. of the amino 
acid. 12 and 9 mg. per 100 ce. of fluid were found as compared 
with 5 and 3 mg. respectively in the same patients under fasting 
conditions. It should be pointed out, however, that the latter 
values were not obtained on the same day. No phenylpyruvic 
acid was found in the spinal fluid before or after the feeding of 
phenylalanine. 

While this work was in progress, it was found that phenyllactic 
acid gives almost as much color in the nitration procedure as does 
phenylalanine. It was necessary, therefore, to rule out the possi- 
bility that phenyllactic acid and not phenylalanine was measured 
in the foregoing studies. This was accomplished by the following 
experiments. 15 mg. of phenylalanine were added to 30 cc. of 
normal serum, the proteins were precipitated with trichloroacetic 
acid, and the filtrate was extracted with ether in a continuous 
extractor for 8 hours. The residue from the ether extract gave 
no color with the nitration method, while all of the color remained 
in the aqueous layer. 6 mg. of + ate acid, as the calcium 
salt, were added to 15 ec. of normal serum. The proteins were 
precipitated with trichloroacetic acid and the filtrate was extracted 
with ether for 4 hours. All the phenyllactic acid was found in the 
ether layer. Other experiments of a similar nature carried out 
on normal blood after the addition of phenylalanine, phenyllactic 
acid, or both, showed that, on extraction with ether, phenylalanine 
remains in the water layer while phenyllactic acid is completely 
extracted by ether. 

With this ether extraction procedure, it was found that no 
phenyllactic acid is present in the blood of fasting patients affected 
with phenylpyruvic oligophrenia. Moreover, the ingestion of 
5, 5, and 10 gm. of dl-phenyllactic acid by three patients resulted 
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in an increase of blood phenylalanine, as shown in Table III, 
while neither phenyllactic acid nor phenylpyruvic acid was found 
in these samples of blood. Finally, the trichloroacetic acid 
filtrates from one each of the phenylalanine and phenylpyruvie 
acid feeding experiments were extracted with ether for 3 hours 
and the colorimetric procedure was applied to both aqueous and 
ethereal solutions. The purple color developed only in the aque- 
ous solution, thus confirming that in each instance phenyllactic 
acid was not responsible for the increased values of the colori- 
metric reading. 


Comment 


The data presented confirm in general the results of Félling, 
Closs, and Gammes (5) who were the first to observe an increase 
in phenylalanine in the blood of patients with phenylpyruvie 
oligophrenia. The method of estimation used by these investi- 
gators, however, was not quantitative, since it was based upon the 
ability of Bacillus proteus to convert phenylalanine into phenyl- 
pyruvic acid, which was then determined qualitatively by the 
ferric chloride reaction. The experiments here reported seem to 
exclude the presence of appreciable amounts of phenylpyruvic 
acid in the blood and spinal fluid and of phenyllactic acid in the 
blood of these patients. It appears, therefore, that the essential 
biochemical characteristic of the disease consists in an inability of the 
subjects to dispose of phenylalanine at a normal rate rather than in a 
failure to break down phenylpyruvic acid, as had been previously 
assumed (1, 6). The presence of phenylpyruvic acid in the urine 
may be considered, then, as an incidental phenomenon resulting 
from the deamination of a portion of the blood phenylalanine by 
the kidney tissue. The observation that ingestion of d-phenyl- 
alanine results in a significantly higher urinary output of phenyl- 
pyruvic acid than does an equivalent quantity of the / acid (1) 
may be explained by assuming that a portion of the natural amino 
acid was utilized for some physiological process which may not 
have involved deamination to phenylpyruvic acid (cf. (7)). 

The formation of phenylpyruvic acid in the kidney represents 
an alternative path in the catabolism of phenylalanine. This 
route would be available to the organism when the normal path- 
way is blocked. Some evidence which suggests that the normal 
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route of phenylalanine catabolism may be through tyrosine and 
not via phenylpyruvic acid is as follows: (a) studies in alkap- 
tonuria have shown that both phenylalanine and tyrosine cause 
an increased elimination of homogentisic acid (8); (6) when the 
liver is perfused with phenylalanine, tyrosine is found in the per- 
fusion fluid (9); (c) in tyrosinosis, the ingestion of phenylalanine 
causes an increased urinary excretion of tyrosine and of p-hydroxy- 
phenylpyruvic acid (10); (d) experiments with tissue slices in- 
dicate that phenylpyruvic acid fails to give acetoacetic acid under 
conditions in which phenylalanine and tyrosine yield this com- 
pound (11). Other evidence of the close metabolic relationship 
between tyrosine and phenylalanine is given by the studies on 
experimental alkaptonuria (12, 13) and by the finding of J-p- 
hydroxyphenyllactic acid in the urine of vitamin C-deficient. pre- 
mature infants following the ingestion of either phenylalanine or 
tyrosine (14). In this connection, the apparent failure of the 
feeding of 10 gm. of /-tyrosine to change the level of blood phenyl- 
alanine of the oligophrenic patients is of interest. The opinion 
that different metabolic pathways which may vary according to 
the requirements of the organism are available is in agreement 
with recent observations on the metabolism of sulfur compounds 
(¢f. (15)). 

The results of feeding phenylpyruvic acid and phenyllactic 
acid are worthy of especial interest. These compounds, while 
increasing the phenylpyruvie acid output in the urine (1), fail 
to induce a rise of the ketonic acid in the blood, but cause instead 
an appreciable increase of blood phenylalanine. This finding 
appears to indicate that the patients are able to aminate the keto and 
hydroxy acids and that the phenylalanine so formed is eventually 
deaminated in the kidney to phenylpyruvic acid. Within the past 
few years evidence which indicates that keto acids probably are 
transformed into the corresponding amino acids in the animal 
organism has been accumulating. Thus, certain keto acids are 
able to support the growth of animals maintained on a diet de- 
ficient in the corresponding essential amino acid (16). Likewise, 
the methyl derivatives of many essential amino acids can be 
used for purposes of growth in lieu of the corresponding amino 
acid. The mechanism of their conversion appears to consist 
in the oxidation of the N-methylamino acid to the corresponding 
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ketonic acid, followed by amination to the amino acid (17-20), 
Our data also indicate the occurrence of such amination and de- 
amination processes in man. The possibility that the alteration 
of the anabolic pathway of phenylalanine indicated by this in- 
vestigation may result in a diminished availability of the amino 
acid in the building up of proteins remains the subject for a later 
paper of thic series. 


SUMMARY 


1. Quantitative determinations of phenylalanine and of phenyl- 
pyruvic acid in the blood of sixteen patients with phenylpyruvic 
oligophrenia showed a content of phenylalanine varying from 15 
to 41 mg. per 100 cc. and the absence of phenylpyruvic acid. 
Neither compound could be estimated in appreciable amounts in 
the blood of normal individuals by the procedures described. 

2. The blood phenylalanine showed a significant increase fol- 
lowing ingestion of proteins, of phenylalanine, of phenylpyruvic 
acid, and of phenyllactic acid. 

3. The ingestion of these substances did not result in the ap- 
pearance of determinable quantities of phenylpyruviec acid or of 
phenyllactic acid in the blood. 

4. Patients with phenylpyruvie oligophrenia have phenylal- 
anine but no phenylpyruvic acid in the spinal fluid. 

5. Ingestion of phenylalanine causes an increase in the amount 
of phenylalanine in the spinal fluids of these patients. 


We wish to thank Professor Hans T. Clarke and Dr. Warren 
M. Sperry for their interest and helpful advice in the preparation 
of this manuscript. 
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THE PREPARATION OF RENAL EXTRACTS CAPABLE OF 
REDUCING THE BLOOD PRESSURE OF ANIMALS 
WITH EXPERIMENTAL RENAL HYPERTENSION 
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TINSLEY R. HARRISON* 


(From the Department of Pharmacology and Experimental Therapeutics, the 
Johns Hopkins University, School of Medicine, Baltimore, and the De- 
partment of Medicine, Vanderbilt University School of 
Medicine, Nashville) 


(Received for publication, February 13, 1940) 


Recent experimental studies have indicated that many forms 
of hypertension as induced experimentally or as it occurs in man 
are due to a derangement of normal renal function. The evidence 
available at present indicates that the abnormal kidney may 
liberate some substance which plays a part in causing the hyper- 
tension. However, the amount of normal renal tissue present 
in the body also determines whether or not hypertension occurs 
(1,3, 4). The normal tissue is thus able to offset the effects of the 
ischemic tissue. This effect of the normal tissue may be explained 
as exerting itself through some humoral agency, the absence of 
which in the diseased organ gives rise to hypertension. The 
correctness of this view is suggested by three lines of evidence 
which have been reported elsewhere (5): (1) the capacity of suit- 
ably prepared renal extracts to inhibit the pressor effects of renin; 
(2) the spontaneous reduction of the blood pressure of hyper- 
tensive rats during the late stages of pregnancy due conceivably 
to the development of the fetal kidney; (3) the capacity of renal 
extracts to lower the blood pressure of hypertensive rats and dogs. 

The present report describes a relatively simple procedure which 
we have found suitable for preparing renal extracts capable of 
eliciting the results enumerated above. Since the active principle 


* Aided by grants from the Josiah Macy, Jr., Foundation, and from 
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is effective when administered orally, it is unnecessary to effect a 
high degree of purification of the final extract. The problem 
resides in concentrating the effective agent present in a large mass 
of renal tissue to a sufficiently small volume. 


Methods 


Fresh kidneys derived from various animals—pigs, beef, and 
dog—have been used. Since pig kidneys are most readily avail- 
able and cheapest, most of our work has been carried out with 
these. Immediately after removal from the body, the kidneys 
are finely ground into 0.25 n hydrochloric acid, approximately 
2 liters of the acid solution being used for each kilo of tissue. The 
mixture is stirred occasionally, allowed to stand for at least 12 
hours, and pressed through cloth. The residual glands are ex- 
tracted once more with aqueous acid and again pressed. The 
insoluble glandular residue is now discarded. 

The combined acid extracts are carefully neutralized with 5 n 
sodium hydroxide to a pH of 3.9 to 4.1. The purpose of adjusting 
the acidity to this point is to reduce the amount of inert protein. 
The mixture is now filtered through cloth, giving a clear yellow 
solution. This filtrate is acidified to reduce the pH to about 2.0 
to 3.0. About 1.5 volumes of a saturated solution of ammonium 
sulfate are now added to the filtrate and the mixture set aside in 
the ice chest overnight. 

The precipitate formed by the ammonium sulfate is collected 
on a Buchner filter and thoroughly dried. Covering the precipi- 
tate with a little water or sodium chloride solution before it 
becomes impacted on the filter permits the removal of much of 
the ammonium sulfate trapped in the precipitate. Each pound 
of kidneys yields about 1.5 to 3 gm. of precipitate at this stage. 
This crude precipitate is satisfactory for the treatment of rats 
and may be administered by incorporation into the animal’s food. 

To concentrate the active principle, the precipitate obtained 
as described above is finely powdered and extracted four or five 
times with an equal volume of 50 per cent aqueous acetone. The 
mixture is filtered after each extraction and the combined filtrates 
reduced in vacuo at 35-40° until all the organic solvent is removed. 
A lipoidal mass is deposited during this procedure, which contains 
but slight activity, if the ammonium sulfate content of the crude 
precipitate is not excessive. 
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The aqueous solution obtained as just described is chilled and 
filtered to give a dark yellow or light brown clear solution. This 
solution which is slightly acid is neutralized with 0.1 Nn NaOH and 
shaken with decolorizing charcoal’ (about 2 gm. of charcoal per 
100 cc. of solution) to remove the coloring matter. The clear, 
almost colorless solution is now again precipitated with ammonium 
sulfate as in the original procedure. 

We have found the above procedures convenient for preparation 
of the extract in the laboratory. Several modifications and 
alternative procedures have also been used and will be described 
briefly. To preserve better the active principle, the kidneys may 
be ground with an organic solvent—acetone, alcohol, or benzene. 
The active principle is not appreciably soluble in these liquids 
and hence must be subsequently extracted with a neutral or acid 
aqueous solution after the organic solvent is removed. For this 
reason we have omitted the use of the organic solvent except where 
the glands were to be preserved for a long time before extraction. 

Instead of using ammonium sulfate as a precipitant we have also 
precipitated the active material by saturating the acidified filtrate 
with sodium chloride. This procedure is more convenient and 
less expensive than that involving the use of ammonium sulfate 

_but is less satisfactory in so far as final yields are concerned. 

An alternative method, which we have also utilized, combines 
and simplifies the several steps outlined above but does not 
uniformly give as good yields and involves the use of a large 
volume of acetone (or alcohol). In this procedure, the acid extract 
of the kidney prepared as already described and brought to pH 
4.0 is treated with an equal volume of acetone (or alcohol), and 
the mixture is filtered through cloth. The clear filtrate is acidified 
to pH 2.5 and an equal volume of saturated ammonium sulfate is 
added. This mixture is thoroughly shaken and allowed to stand 
for several hours in the refrigerator. The precipitate which forms 
at the zone of contact of the two layers and which contains much 
of the active principle is now collected and thoroughly dried on a 
Buchner funnel. The yield of the active substance obtained by 
this simplified procedure is less than that derived by the first 
method described. 

' Charcoal adsorbs only small amounts of the active principle from 


neutral aqueous solutions. However, it adsorbs it very efficiently from a 
50 per cent aqueous solution of alcohol or acetone. 
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Since the active principle is insoluble in organic solvents, it is 
also possible to remove it from aqueous solution by the addition 
of at least 10 volumes of acetone. Although useful for extracting 
small batches of glands and avoiding the use of ammonium sulfate, 
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Fic. 1. The effect of renal extract administered orally on the blood 
pressure of hypertensive rats. The upper curve illustrates a moderate 
decline in blood pressure, sustained for several days, induced by the ad- 
ministration of renal extract. The middle curve represents a lesser decline 
of short duration induced on two separate occasions by feeding smaller 
amounts of an active fraction. The lower curve represents a marked 
reduction following the administration of a relatively larger amount of 
extract for a short period of time. The duration of administration is 
signified by the black blocks. Each curve represents average values ob- 
tained on a series of four rats. @ not receiving renal extract; O receiving 
renal extract. 
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this procedure is more laborious and expensive than that already 
described. 

Only fresh glands have been found to yield active extracts. The 
active principle (as is also the case with many endocrine products) 
is apparently rapidly destroyed in the gland after removal from 
the body. 


Results 


To determine the activity of the extracts obtained by the 
procedures described above, we have utilized the rat rendered 
hypertensive by partial nephrectomy according to the technique 
described by Chanutin and Ferris (2). Systolic blood pressures 
were determined by the procedure previously described (6). 

In Fig. 1 is reproduced a typical experiment based on the average 
pressures obtained on three series of four rats each. As might 
be anticipated the reduction in blood pressure is dependent 
on its initial level. Thus a given amount of extract will lower 
the blood pressure of rats whose initial systolic pressures are 200, 
180, and 160 mm., to 150, 140, and 130 mm. respectively. This 
reduction of the blood pressure by an amount which is approxi- 
mately one-half the increment of pressure above 100 mm. serves 
as a convenient and sensitive method for determining the potency 
of a given extract. In general the extract obtained from a pound 
of kidneys suffices to lower the blood pressure of two to eight 
hypertensive rats to approximately normal levels. 

There appears to be a seasonal variation in the content of the 
active principle similar to that observed in the case of thyroid, 
adrenal cortical, and other hormones. Application of the above 
methods to blood, liver, spleen, lung, and placenta yielded extracts 
of inappreciable potency. 

Administration of the extract to dogs rendered hypertensive 
by the application of a Goldblatt clamp has likewise been followed 
by reduction in blood pressure. Several patients have also dis- 
played a moderate decline in blood pressure following the ingestion 
of the extract. These results will be described in detail elsewhere. 


DISCUSSION 


Unlike the non-specific depressor substances present in organ 
extracts, the substance with which we are concerned here does 


Ss 


eA a 


Ate Venton 


ee 


i 
i 











— — 








120 Renal Extracts 


not reduce the blood pressure of normal animals. The long period 
of its action and its activity when administered orally also sharply 
differentiate it from any of the known depressor substances, 
Further evidence, however, is necessary before it can be estab- 
lished that the principle present in our extracts is a normal physio- 
logical constituent of the kidney, the absence of which is 
responsible for the development of hypertension. 

Only preliminary attempts have thus far been made to isolate 
the active principle and study its chemical properties. The active 
substance is relatively stable and, as evidenced by its effectiveness 
when administered orally, it is not of protein nature. It is 
relatively stable in aqueous dilute acid but loses its activity in 
alkaline solution. 

The active principle with which we have been concerned differs 
from that utilized by several previous workers who prepared 
aleohol-soluble phenolic derivatives of renal tissue. These sub- 
stances act only on parenteral injection and, we believe, through 
their toxic effects. They are discarded in our method of 


procedure. 
SUMMARY 


A method is described for the preparation of renal extracts 
which are capable of reducing the blood pressure of animals with 
experimental hypertension. The active principle is non-protein 
in nature, water-soluble, and is effective when administered orally. 
Its behavior is unlike that of any of the known non-specific 
depressor substances present in organ extracts. The latter are 
for the most part ineffective when administered orally and even 
such effects as are obtainable following parenteral injection are 
only of brief duration. Its solubility in water but insolubility 
in organic solvents also sharply differentiates the effective 
principle from many well known non-specific depressor substances 
present in tissue extracts. 
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Until recently the study of degradation products from cevine 
has been confined to the mixtures obtained by pyrolytic pro- 
cedures such as selenium dehydrogenation and soda lime dis- 
tillation. However, in a recent (1) short communication the 
isolation was recorded of a non-nitrogenous acid, CyHyOs, which 
resulted in appreciable yield by the oxidation of cevine with 
chromic acid. The study of this acid has now been carried further 
and, while confirming this formulation, has given information 
which affords a suggestion of its general nature. For convenience 
the designation decevinic acid has been adopted for this acid. 

On being heated with sulfur at about 300°, decevinic acid was 
rapidly dehydrogenated and from the melt a crystalline sub- 
stance was isolated (melting at 245-246°) which appeared to be 
the major product and analysis of which agreed with a formula 
CywH,O,. The formulation of the substance, its behavior towards 
alkali (2 moles were required), the phenolic color reactions ex- 
hibited by it, and its melting point suggested at once 2-hydroxy- 
1,8-naphthalic anhydride (I) which has already been described 
(2) with the melting point 245-246°. After saponification with 
stronger alkali it was degraded with loss of CO, to a monobasic 
acid which corresponded in properties with those recorded for 
2-hydroxy-8-naphthoic acid (2). The identity of the hydroxy- 
anhydride, Cy.H.O,, was confirmed by methylation to a mono- 
methyl ether, C,;Hs0,, which was shown by comparison in prop- 
erties and mixed melting points to be identical with 2-methoxy- 
naphthalic anhydride (2, 3). The latter was obtained by oxida- 
tion of 3-methoxyacenaphthenequinone (4). These observations, 
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barring rearrangements, at once indicate that decevinic acid must 
possess a hydronaphthalene ring system which in turn constitutes 
a portion of the cevine molecule. A study of the behavior of this 
acid towards alkali and also on acetylation and methylation has 
given information from which certain tentative conclusions may 
be drawn. 

As previously reported (1), titration of decevinic acid in the 
cold with alkali has shown the presence of two acid groups or of an 
acid and a labile lactone group. When the acid was refluxed with 
excess 0.1 N alkali, no appreciable additional alkali was con- 
sumed. However, with Nn alkali an additional equivalent was 
required with degradation to the acid to be described below. 
With diazomethane decevinic acid yields, as reported, a dimethy| 
derivative. More recently with acetic anhydride an acetyl- 
decevinic acid has been prepared. The latter on methylation 
gave an acetyldecevinic methyl ester which proved to be a mono- 
methyl ester. Since the above dimethyl! derivative could not be 
acetylated, the acetyl group must be assumed to occupy the same 
position as one of the methyl groups. The dimethyl derivative 
on careful titration in the cold consumed only 1 equivalent of 
alkali but when heated with 0.1 N alkali an extra equivalent was 
required. In the former case partial saponification occurred, 
since the product which was isolated proved to be a monomethyl 
derivative of decevinic acid. Like the original dimethyl derivative, 
this also could not be acetylated. 

If the above acetyldecevinic methyl ester was refluxed with 
methyl alcohol, the acetyl group was removed with production 
of a decevinic monomethyl ester isomeric with the above mono- 
methyl derivative. Contrary to the latter, its methyl group was 
so labile towards alkali that it behaved on direct titration like 
decevinic acid itself and consumed almost directly 2 equivalents 
of alkali. It appears, therefore, that acetylation must occur at 
the same point as that occupied by the more stable methyl! group. 

Two possible interpretations can be considered to explain these 
observations. Decevinic acid may be a dibasic acid in which one 
carboxyl group forms a more stable ester than the other. To 
explain the failure of the dimethyl or stable monomethy! deriva- 
tive to acetylate, it would be necessary to assume that such 
acetylation can occur only on the carboxyl group which forms the 
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stable ester group; in other words, production of a mixed anhy- 
dride. Otherwise, decevinic acid must be a monobasic lactone 
acid containing a labile lactone group and also an enolic hydroxyl 
group which is the point of acetylation as well as of methylation. 
The latter alternative fits in best with a number of observations 
which have been made. The characteristic color reactions given 
with ferric chloride support the presence of an enolic hydroxyl 
group. 

Of importance is the ready degradation of decevinic acid with 

alkali. Although under gentle conditions 2 equivalents of alkali 
are consumed, under more vigorous conditions a 3rd equivalent is 
used up and CO, is split off with simultaneous addition of a mole of 
H,0 with the production of an acid, Cis3H,»0;, which no longer gives 
the prompt typical reaction with ferric chloride. This acid 
titrates as a dibasic acid (or monobasic lactone acid) and forms a 
dimethyl derivative. No other characteristic derivative was ob- 
tained from this acid. However, when distilled or heated with 
alkali, further degradation occurred with CO, cleavage to a keto- 
lactone, CwHO0;. This substance although neutral to sodium 
carbonate solution consumed 1 equivalent of alkali owing to 
cleavage of a lactone group. The presence of a carbonyl group 
was shown by the formation of both an oxime and a phenylhydra- 
zone. 
This series of degradations when considered with the production 
of a naphthalic anhydride derivative on dehydrogenation places 
limitations on the positions which can be assigned to the remain- 
ing carbon atoms other than the 1 and 8 carbon atoms of hydroxy- 
naphthalic anhydride. Apparently, one of these must be an 
angular methyl group situated on a carbon atom common to both 
rings. The 2nd carbon atom could be attached either directly 
to the ring system as a carboxy! (a lactone) carbon atom or to a 
side chain from which one of the carboxyl groups of hydroxy- 
naphthalic anhydride arises. In the latter case, this requirement 
would be met by an a-keto acid (or lactone) side chain. 

The behavior of decevinic acid towards alkali is perhaps more 
easily explained by the first assumption. In this case it would 
have to be a dibasic lactone acid. The fact that it requires more 
vigorous treatment with alkali for the consumption of a 3rd equiv- 
alent of alkali which involved loss of CO, can be due either to 
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resistance to saponification or to rapid relactonization during 
titration under the gentler conditions. The production of the 
Cy3H 0; derivative and in turn the ketolactone, C:.H..0;3, can be 
simply explained by successive loss of carboxyl groups and final 
relactonization presumably on a double bond. There remain, 
however, certain observations which are difficult to harmonize 
with this interpretation. Among these is the fact that the con- 
densation product with o-phenylenediamine described below 
must involve the lactone group and, if a glyoxaline derivative, 
would still be a dibasic acid, which is contrary to our experience. 

A second possibility is the formula (II) of an a-ketolactone acid, 
This structure was first er ere by the fact that decevinic acid 
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was found to react readily with o-phenylenediamine to give in 

good yield a condensation product, CooH2O0sN2, involving the loss 

of only 1 mole of water and which on titration behaved as 4. 
monobasic acid. If this product is a hydroxyquinoxaline deriva: 
tive (or even a glyoxaline derivative) arising in a normal manner 
from the condensation with the a-ketolactone group and simulta- 
neous opening of the latter, only 1 mole of water would be lost. 
Such a condensation product would still be a monobasic acid. The 
conversion of such an a-ketolactone acid on saponification with 
loss of CO, and addition of water would require certain involved 
rearrangements in order to lead to a structure (III) for the dibasic 
acid Ci3H,Os. The latter on decarboxylation and lactonization 
could then give a structure (IV) for the ketolactone, Ci2HOs. 
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Such interpretations can be at the moment only tentative and it 
is hoped to obtain other clarifying evidence. 

Hydrogenation studies with this series of substances, although 
still incomplete, have given results which will have to be con- 
sidered in the final interpretation of their nature. Decevinic acid 
on hydrogenation yielded a mixture which could not be directly 
crystallized. After low pressure distillation, however, accom- 
panied apparently by water cleavage, a substance was obtained 
which after recrystallization gave analytical figures agreeing with 
a formulation CyuHO, Although on direct titration 2 equiv- 
alents of alkali were consumed, it gave only a monomethyl ester, 
CysH2O,. The acid must therefore be a monobasic lactone acid. 

The above ketolactone, Cy.H:.0;, on hydrogenation yielded a 
mixture from which two substances were isolated for which the 
provisional formulas CyHis02 and CyHis0; have been derived. 
The former was produced presumably by reductive cleavage of 
the lactone group to the desoxy acid and subsequent relactoniza- 
tion on the hydroxyl group produced by reduction of the carbonyl 
group. The substance C,2H:s0; represents possibly an inter- 
mediate step. 

The above observations are by no means sufficient to permit 
final conclusions as to the structure of decevinic acid. The pos- 
sible origin of a hydronaphthalene derivative from the ring system 
of cevine will be considered elsewhere in the discussion of results 
obtained in the degradation of this alkaloid by other methods. 


EXPERIMENTAL 


._ Dehydrogenation of Decevinic Acid—A well ground mixture of 
“el gm. of decevinic acid and 0.23 gm. of sulfur was placed in a 
. test-tube with the upper end sealed to a smaller glass tube to act 
as an air condenser. Before heating, the air was replaced by 
nitrogen. The temperature of the salt bath was slowly raised 
until gases were evolved. This occurred suddenly at about 300° 
and was rapidly ended. After 5 minutes heating was inter- 
rupted. 200 cc. of gas were evolved. Nothing appeared to con- 
dense in the tube above the reaction mixture with the exception 
of a small amount of crystalline material just above the melt. 
This suggested absence of water formation during the dehydro- 
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The melt was broken up and extracted with boiling acetone. 
This extract after evaporation was fractionated in a molecular 
still. 0.32 gm. of material distilled up to an oil bath temperature 
of 150° under a pressure of 0.001 mm. or less. Upon recrystal- 
lization from acetone 0.145 gm. of yellow needles was obtained 
which had a micromelting point of 245-246°. Dziewofiski and 
Koewa (2) reported 245-246° for 2-hydroxynaphthalic anhydride, 


Cy3H.O,. Calculated, C 67.28, H 2.82; found, C 67.45, H 3.11 
“ “ce 67.35, ‘é 2.99 


10.57 mg. of substance suspended in alcohol were titrated 
against phenolphthalein with 0.1 Nn NaOH. After the material 
was heated with a slight excess of alkali and titrated back, a total 
of 1.108 cc. was required. The end-point was not easily seen 
because of the color of the substance itself; calculated for 2 equiv- 
alents, 0.987 ce. 

The substance gave a red color in alcoholic solution with ferric 
chloride and coupled with diazotized sulfanilic acid to give a red 
color. 

0.075 gm. of this anhydride was heated in a solution of 0.3 gm. 
of NaOH in 1 cc. of water for 1.5 hours on the steam bath in an 
atmosphere of hydrogen. The acid which precipitated on acidi- 
fication was extracted with ether and recrystallized twice from 
dilute ethyl alcohol with bone-black. The resulting substance 
melted at 257-259°. Dziewofiski and Koewa (2) reported a 
melting point of 257° for 2-hydroxy-8-naphthoic acid. 


Cy.H.O;s. Calculated, C 70.22, H 4.28; found, C 69.95, H 4.54 


The substance gave a color with FeCl; and coupled with diazo- 
tized sulfanilic acid. 

8.967 mg. of substance dissolved in alcohol were titrated against 
phenolphthalein with 0.1 Nn NaOH; found, 0.571 cc.; calculated 
for 1 equivalent, 0.477 cc. On being heated with excess alkali, 
no additional alkali was consumed. 

60 mg. of the above anhydride were treated in acetone with 
excess diazomethane. Long slender needles were obtained from 
acetone, which melted at 256—257°. 


CisHs0.. Calculated. C 68.42, H 3.53, OCH; 13.60 
Found. * 68.35, “3.70, “ 13.13 
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This no longer gave a color with FeCl; and did not couple with 
diazotized sulfanilic acid. A mixed melting point with synthetic 
2-methoxynaphthalic anhydride showed no depression and it 
corresponded in other properties with the synthetic material. 
The latter was prepared by oxidation with KMnQ, in acetone 
solution of 3-methoxyacenaphthenequinone which was obtained 
according to the directions of Staudinger, Goldstein, and Schlen- 
ker (4). The anhydride was recrystallized from acetone and 
melted at 256-257°. Dziewofski and Koewa (2) and Davies, 
Heilbron, and Irving (3) reported a melting point of 255°. 


CysHs0,. Calculated, C 68.42, H 3.52; found, C 68.51, H 3.33 


Decevinic Acid—Since the details of the method of preparation 
and properties of this substance and its ester could not be recorded 
in the earlier communication (1), they are now given in detail. 

20 gm. of recrystallized cevine were dissolved in a mixture of 
200 cc. of H.SO, (1.84) and 800 cc. of water. 100 gm. of CrO; 
were then carefully added with cooling to avoid appreciable rise 
in temperature. Vigorous evolution of gas occurred during the 
addition of the reagent. After standing at room temperature for 
an hour, the solution was refluxed for an hour. It was then 
cooled and the excess of chromic acid was reduced with hydrazine 
hydrate. The mixture was then continuously extracted with 
ether overnight and the resulting ether extract was decanted from 
a small amount of a green solid deposit. It was dried over 
anhydrous MgSO, and the solvent was boiled off. The colorless 
liquid residue weighed approximately 10 gm. It was water- 
soluble and of acid character. Since repeated efforts to obtain 
crystalline material directly from this liquid were unsuccessful, 
it was treated as follows: 

The mixture was heated in a flask through which a current of 
N was passed for an hour in an oil bath held at a temperature of 
180°. During this heating™ I meee material appeared in the 
melt and slow evolution of® a gas was apparent. The melt was 
then treated with 4 volumes of ether and, after trituration in or- 
der to dissolve sticky material, the crystalline residue was collected 
with a little ether. It weighed 2 gm. Upon recrystallization 
from acetone the product melted at 273-278° with decomposition. 
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fa]> = +47.6° (c = 0.925 in pyridine) 
CuHyO>s. Calculated, C 60.41, H 5.07; found, C 60.51, H 5.20 
“ec se 60.45, “cc 5.14 


0.0150 gm. of substance in 2.5 cc. of ethyl alcohol was titrated 
against phenolphthalein with 0.1 N NaOH; found, 1.114 ce.; 
calculated for 2 equivalents, 1.082 cc. No appreciable additional 
alkali was consumed after the substance was boiled for 2 hours 
with excess 0.1 N alkali. 

0.200 gm. of substance was suspended in 1 equivalent of n 
NaOH. The end-point to phenolphthalein was reached only after 
addition of a 2nd equivalent or a total of 1.44 cc. of NaOH. 
Solution was just complete at this point. More alkali was then 
added until a total of 4.00 cc. had been reached. The solution 
was heated on the steam bath in an atmosphere of hydrogen for 1 
hour and then titrated back with N HCl. Inclusive of the above 
1.44 cc., a total of 2.08 cc. of NaOH was consumed; calculated for 
3 equivalents, 2.16 cc. The substance, C::H:sO;, reported below, 
could readily be isolated from the hydrolysate. 

The Methyl Ester, CisHisOs—0.1 gm. of decevinic acid was dis- 
solved in acetone and treated with an excess of diazomethane. 
Addition of ether to the concentrated solution gave a slight 
turbidity followed by crystallization. 70 mg. of rhombic crystals 
were obtained which melted at 165-166°. 


CisHisOs. Calculated. C 62.75, H 5.92, OCH; 20.26 
Found. ** 62.96, “6.07, “‘ 19.90 
os “ 62.73, “ 6.01 


The molecular weight determined by the Rast method was found 
to be 326; calculated, 306.14. 

0.0149 gm. of the ester in 3 cc. of ethyl alcohol was titrated 
against phenolphthalein with 0.1 Nn NaOH; found, 0.478 cc.; 
calculated for 1 equivalent, 0.483 cc. After addition of excess 
0.1 w NaOH and after refluxing for 2.5 hours an additional 0.437 
cc. was consumed. The end-point was not very sharp because of 
an interfering color. This titration behavior was a little different 
from the titration in aqueous N NaOH. 

0.200 gm. of the dimethyl] ester was treated directly in the cold 
with n NaOH. As more NaOH was added, it dissolved but a 
point alkaline to phenolphthalein was not reached until 0.660 
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ec. had been added; calculated for 1 equivalent, 0.654 cc. All the 
ester was in solution at this point. When excess NaOH was 
added and the solution was heated on the steam bath for 1 hour, 
the alkaline decomposition reported below occurred with forma- 
tion of the substance C,2.H Qs. 

Acetyldecevinic Acid—0.4 gm. of decevinie acid was refluxed 
with 10 ec. of acetic anhydride for 1 hour. After removal of ex- 
cess reagent with toluene the residue was crystallized from ace- 
tone. 0.3 gm. of flat needles was obtained which melted at 169- 
171° with previous sintering. 

The substance is soluble in dilute carbonate in the cold and 
gives a strong test with ferric chloride when dissolved in ethyl 


alcohol. 
CisHisO7. Calculated, C 59.98, H 5.04; found, C 60.24, H 5.11 


0.117 gm. of the substance was titrated directly against phe- 
nolphthalein with 1.1N NaOH. 0.980 cc. was required; calculated 
for 3 equivalents, 0.996 cc. After addition of excess N alkali and 
heating for an hour, an additional mole was consumed as in pre- 
vious cases. 

Acetyldecevinic Methyl Ester—0.1 gm. of the above acety] deriva- 
tive was esterified with diazomethane in acetone. It crystallized 
readily on addition of ether to the concentrated solution. 0.06 
gm. of leaflets was obtained which melted at 182-183°. 


Ci7His0;. Calculated. C 61.06, H 5.43, OCH; 9.28 
Found. ** 61.03, 5.49, “ 9.11 


0.0049 gm. of substance on direct titration with 1.01 n NaOH 
against phenolphthalein required 0.0410 cc.; calculated for 3 
equivalents, 0.0436 cc. 

Decevinic Methyl Ester—0.06 gm. of the above acetyl derivative 
was refluxed in 2 ce. of methyl alcohol for 2 hours. The solution 
crystallized on concentration. 0.021 gm. of the ester was col- 
lected which melted at 242-245°. 


CisHisOs. Calculated. C 61.62, H 5.52, OCH; 10.60 
Found. ** 61.27, “ 5.60, “ 7.25 


0.0049 gm. when titrated against phenolphthalein with 1.01 
N NaOH required 0.0315 cc.; calculated for 2 equivalents, 
0.0332 ce. 
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Partial Hydrolysis of the Ester, CjsHisOs—0.1 gm. of the ester 
was treated with 0.300 cc. of 1.1 N NaOH and the mixture was 
slightly warmed until just all in solution. It was treated with a 
slight excess of HCl and the material which separated was ex- 
tracted with ether. The ether solution was dried over anhydrous 
MgSO,, and then concentrated somewhat when crystallization 
occurred. 70 mg. of substance were collected which melted at 
128°. 

CisHieOs. Calculated. C 61.62, H 5.52, OCH; 10.61 
Found. “qa “6a, * MD 


0.082 gm. of substance on direct titration with 1.1 N NaOH con- 
sumed 0.285 cc.; calculated for 1 equivalent, 0.255 cc. Boiling 
with acetic anhydride failed to form an acety! derivative of this 
substance. 

Condensation of o-Phenylenediamine with Decevinic Acid—\ gm. 
of decevinic acid and 0.78 gm. of o-phenylenediamine were dis- 
solved in sufficient hot methyl alcohol. The methyl alcohol was 
then boiled off and the residue was heated on the steam bath for 
1 hour. The crystalline material was recrystallized from a large 
volume of methyl alcohol. 0.48 gm. of yellow flat columns was 
obtained which melted at 300-302°. It was soluble in dilute 
carbonate and did not give a color test with ferric chloride. 


CooH2oOsN 2. Caleulated. C 65.20, H 5.47, N 7.60 
Found. ** 65.44, “* 5.49, “* 7.85 


0.125 gm. of substance on direct titration with 1.1 Nn NaOH 
required 0.315 cc.; calculated for 1 equivalent, 0.309 cc. Excess 
alkali was then added and the solution was heated for an hour on 
the steam bath. 0.542 cc. more of alkali was consumed. The 
end-point in this case was not sharp owing to interfering color. 

Alkaline Degradation of Decevinic Acid. The Acid, CyHywOs— 
2 gm. of decevinic acid were treated with a solution of 6.4 gm. of 
NaOH in 20 cc. of water. The solution was allowed to stand at 
room temperature for 2 hours and then acidified with HCl. CO; 
was evolved. The insoluble material which separated was ex- 
tracted with ether. The dried ether extract gave, on concen- 
tration, a residue which was crystallized from acetone-ether. 
0.43 gm. of substance was obtained. After recrystallization it 
melted at 150-155° with effervescence. 
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CisHOs. Calculated, C 61.88, H 6.39; found, C 61.92, H 6.54 


The substance dissolved in alcohol did not give a color test with 
ferric chloride. 

13.410 mg. of substance when titrated against phenolphthalein 
with 0.1 n NaOH consumed 1.057 cc. After addition of excess 
alkali and heating no more alkali was consumed; calculated for 
2 equivalents, 1.064 cc. 

The Dimethyl Ester, CiysH2O0O;—0.1 gm. of the above acid was 
esterified in acetone with diazomethane. The ester could not be 
crystallized and was distilled in a high vacuum. The distillate 
which was a clear viscous oil was analyzed as such. 


CisH20Os. Calculated. C 64.24, H 7.19, OCH; 22.13 
Found. ** 63.43, “ 7.12, “ 21.20 


The Ketolactone, CyxHOs—0.1 gm. of the above acid, Cj3H.0;, 
was placed in a small sublimation apparatus under 0.1 mm. pres- 
sure. When a temperature of 180° was reached, a sticky viscous 
resin distilled. This was accompanied by gas evolution as evi- 
denced by a fall in the pressure. The distillate crystallized readily 
from ether. After recrystallization from acetone it melted at 
165-168°. [a] = —50° (c = 0.99 in chloroform). 


CuH.O;. Calculated, C 69.19, H 7.75; found, C 69.33, H 7.88 


The substance was not soluble in sodium carbonate solution 
and the solution in alcohol did not give a color test with ferric 
chloride. 

14.497 mg. of substance on direct titration against phenol- 
phthalein with 0.1 N NaOH consumed 0.745 cc.; calculated for 1 
equivalent, 0.697 cc. After addition of excess alkali and heating, 
no more alkali was consumed. 

The substance did not react with diazomethane in acetone solu- 
tion. 

The Phenylhydrazone—0.025 gm. of the above ketolactone was 
treated with 0.05 gm. of phenylhydrazine and warmed a moment 
on the steam bath. The resulting melt was crystallized from ethyl 
alcohol. 0.01 gm. of needles was obtained which melted at 175- 
178°. 


CisH2O.N:. Calculated, C 72.46, H 7.43; found, C 72.35, H 7.40 
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The Oxime—0.03 gm. of the ketolactone in 5 cc. of ethyl alcohol 
was treated with a solution of 0.1 gm. of hydroxylamine hydro- 
chloride dissolved in 1.2 cc. of 1.1 N NaOH. The solution was 
concentrated on the steam bath. On cooling, needles separated 
which after collection with water melted at 194-195° with pre- 
vious sintering. 

Cy:H:;0;N. Calculated, C 64.57, H 7.96; found, C 64.67, H 7.61 


Catalytic Hydrogenation of Decevinic Acid—0.5 gm. of the acid 
suspended in 40 ce. of alcohol was shaken with 0.15 gm. of the 
platinum oxide catalyst of Adams and Shriner under a hydrogen 
pressure of about 3 atmospheres. After 24 hours no more hydro- 
gen was absorbed and all the substance was dissolved. Ap- 
proximately 4.7 moles of hydrogen were absorbed. After removal 
of the catalyst and evaporation of the solvent the residue could 
not be induced to crystallize. It was therefore placed in a molecu- 
lar still. As distillation was effected, a gas appeared to be split 
off from the material, since pressures under 0.01 mm. could not 
be maintained during the process. 0.33 gm. distilled up to an 
oil bath temperature of 170°. The distillate crystallized from 
ether and yielded 0.13 gm. of substance which melted at 205- 
230°. After two recrystallizations from acetone 0.055 gm. of 
long narrow plates was obtained which melted at 237-239°. The 
melting point did not change on further recrystallization. 

CusHe0O0.. Calculated, C 66.64, H 7.99; found, C 66.94, H 8.12 


oc “ce 66.64, “ce 7.58 
* “See * tae 


0.0079 gm. of substance when titrated against phenolphthalein 
with 1.01 nN NaOH required 0.0610 cc. ; calculated for 2 equivalents, 
0.0621 ce. 

The Methyl Ester—0.03 gm. of the above acid was esterified in 
acetone with diazomethane. The solution upon evaporation 
yielded a residue which crystallized from ether. 0.015 gm. of 
needles was collected which melted at 127-128°. The melting 
point was unchanged by further recrystallization. 

CisH2O,. Calculated. C 67.62, H 8.33, OCH; 11.65 
Found. "a> on ”~ tae 


” “ 67.91, “ 7.64 
” “* 67.76, “* 8.04 
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Hydrogenation of the Ketolactone, CypHwO;—0.1 gm. of substance 
was hydrogenated with 0.05 gm. of platinum oxide catalyst in 3 
ec. of alcohol, under 3 atmospheres pressure. After 1 hour ab- 
sorption was completed at approximately 1.7 moles of hydrogen 
above that required by catalyst. The residue obtained after 
removal of the solvent crystallized nicely from ether-petroleum 
ether mixture but the crystals did not appear to be homogeneous 
and melted at 80-90°. The analytical data suggested loss of 
oxygen as well as hydrogenation. Since fractional crystallization 
did not appear to yield a homogeneous product, fractional dis- 
tillation was attempted. 

A second run of 0.1 gm. was combined with the first and the 
resulting material amounting to 0.18 gm. was fractionated in a 
small still (5 em. column) of the type reported previously (5). 
Six approximately equal fractions were collected under 0.1 mm. 
pressure. The first fraction was crystalline and melted at 90- 
91°; found, C 73.68, H 9.30. The last fraction was semiliquid; 
found, C 69.96, H 9.39. 

The first and second fractions were combined and recrystallized 
from ether. Heavy columns were obtained which melted at 97°. 


CyHisO2. Calculated, C 74.19, H 9.35; found, C 74.50, H 9.23 


The final fraction was recrystallized from ether. It melted at 
65-73° with a few crystals persisting up to 90°. This was analyzed 
directly, since there was not sufficient of this material for both 
recrystallization and analysis. 


CwHisOs. Calculated, C 68.54, H 8.63; found, C 69.09, H 8.72 
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APPLICATION TO URINE OF BANDIER AND HALD’S 
METHOD FOR DETERMINATION OF 
NICOTINIC ACID 


By LOUIS A. ROSENBLUM anp NORMAN JOLLIFFE 


(From the Department of Medicine, New York University College of Medicine, 
and the Medical Service of the Psychiatric Division, 
Bellevue Hospital, New York) 


(Received for publication, February 27, 1940) 


The evident importance of the réle of nicotinic acid and its 
amide in nutrition, health, and disease has made it desirable to 
have practical methods for their quantitative determination in 
the body fluids and excretions in order to provide objective criteria 
for use in clinical investigation. 

Numerous methods for the determination of nicotinic acid based 
on colorimetric reactions of the pyridine ring have been published. 
Karrer and Keller (1) and Vilter, Spies,and Mathews (2) based 
their tests on the reaction of pyridine with 2,4-dinitrochloroben- 
zene in the presence of an alkali hydroxide. Swaminathan (3), 
Shaw and Macdonald (4), and Ritsert (5) based their tests on the 
reaction of nicotinic acid in the presence of cyanogen bromide 
with aniline in either aqueous or alcoholic solution. In these 
procedures the methods are tedious, the color unstable, and inter- 
ference from urinary pigments occurs. 

Recently, Bandier and Hald (6) have described a colorimetric 
method based on a modification of the cyanogen bromide-aniline 
procedure, which they showed to be practical and rapid, and, as 
the color produced was stable over several hours, serial determina- 
tions were thereby facilitated. They found that p-methylamino- 
phenol sulfate (metol, Agfa) with nicotinic acid and cyanogen 
bromide in aqueous solution in the presence of potassium hy- 
drogen phosphate (KH2POQ,) yields a clear yellow color which is 
constant, stable, and directly proportional to the concentration 
of nicotinic acid. The same color is obtained with nicotinamide. 
This method is quite specific, as Bandier and Hald found no colora- 
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tion with small amounts of pyridine, or with picolinic acid, a-pic- 
oline, trigonelline, or methylpyridinium chloride, all pyridine 
derivatives occasionally found in the urine. 

We have modified Bandier and Hald’s colorimetric procedure 
for the quantitative determination of nicotinic acid so as to provide 
an index of urinary excretion of nicotinic acid, nicotinamide, and 
other pyridine derivatives that are related to the pellagra-preven- 
tive factor. It is not as yet known whether nicotinic acid and 
nicotinamide represent the total excretory forms of the pellagra- 
preventive factor. It is expedient, however, in view of the 
work of Askeléf and Holmberg (7) and Porje (8) to assume that 
in man the pellagra-preventive factor is probably excreted mainly 
as nicotinic acid and nicotinamide, the former in apparently much 


larger proportion. 
Procedure 


2 ml. of the 24 hour urine specimen preserved with thymol and 
kept in a refrigerator are placed in a test-tube; to this are added 
2.5 ml. of 2 per cent potassium hydrogen phosphate solution. 
The test-tube is then heated for 5 minutes in a water bath at 75- 
80°, after which 0.5 ml. of freshly prepared cyanogen bromide 
solution is added. After heating 5 minutes more in the water bath 
the test-tube is cooled under a tap to room temperature and 5 ml. 
of saturated (about 5 per cent at room temperature) fresh aqueous 
metol solution are then added. The maximum color develops 
after standing in the dark for 30 to 35 minutes. This solution 
is then compared in the Klett Summerson (9) photoelectric 
colorimeter (with Filter 42) against a blank (prepared simul- 
taneously) containing the same amounts of cyanogen bromide, 
potassium hydrogen phosphate, metol, and distilled water made 
up to 10 ml. The entire procedure may be. carried out in the 
test-tubes in which the colorimetric determinations are made. 
We have found the color to be stable for at least 6 hours, after 
which it slowly fades. 

Correction for color and turbidity of the urine is accomplished 
by treating another 2 ml. sample of urine as above, except that, 
instead of metol, distilled water is added to make up the volume to 
10 ml. The nicotinic acid value of the color as measured in this 
tube is subtracted irom the first reading to give the actual amount 
of nicotinic acid. The scale of the colorimeter is calibrated by the 
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use of solutions of known amounts of nicotinic acid. A satisfac- 
tory range of values for best readings is from 0.005 to 0.050 mg. 
of nicotinic acid. Although the scale of the colorimeter may be 
calibrated once and this scale factor used thereafter, it is preferable 
to redetermine the scale factor by means of a standard nicotinic 
acid solution every time a series of determinations is made, since 
the reagents must always be freshly prepared. 

The cyanogen bromide is prepared by adding slowly 10 per 
cent potassium cyanide to saturated bromine water at room 
temperature to the point of decolorization. As the metol dis- 
solves slowly and the solution must not be heated, the saturated 
metol solution is best prepared by adding small amounts to dis- 
tilled water with thorough shaking. The solution should be pre- 











TaBLe I 
Recovery of Added Nicotinic Acid 
Nicotinic acid of | Added nicotinic | Total nicotinic Nicotinic acid | Recovery of added 
urine sample acid acid as determined recovered nicotinic acid 
Y 7 7 7 per cent 
2.9 2.0 4.8 1.9 95.0 
12.8 4.0 16.7 3.9 97.5 
2.5 6.0 8.8 6.3 105.0 
3.3 12.0 14.5 11.2 93.3 














pared in a brown bottle and used within 3 hours of preparation, 
as it oxidizes on standing. 

The error in recovery of added nicotinic acid by the above pro- 
cedure has been found to be less than +7 per cent (Table I). 


Results 


The amount of nicotinic acid excreted in the urine by appar- 
ently normal subjects (resident physicians) consuming pre- 
sumably an adequate general diet was found to vary from 3.4 
to 10.2 mg. in 24 hours (Fig. 1). Successive urines from the same 
subject over 2 to 7 day periods showed variations of as much as 
100 per cent. 

The excretion of nicotinic acid in relation to the therapeutic 
response of one pellagrin has been studied. This patient, a 28 


! Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 
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year-old colored female inebriate, when admitted to the hospital 
presented a pellagrous stomatitis but no clinical evidence of other 
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Fic. 1. Excretion of pyridine derivatives estimated as nicotinic acid in 
normal adults. Column A shows the range of twenty-four determinations 
made on thirteen subjects; Columns B, C, D, and E show the individual 
variations in daily excretion of four subjects. 
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Fig. 2. Excretion of nicotinic acid in a pellagrin during a control period 
when the diet was low in the B vitamins, while on a high vitamin B diet, 
and when 100 mg. of nicotinic acid were given daily, in addition to the high 
vitamin B diet. The two horizontal dash lines represent the range of 
nicotinic acid found in the urine of thirteen normal subjects. 


vitamin deficiencies. Fig. 2 shows the levels of nicotinic acid 
excretion when the patient was maintained with a diet deficient 
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in the pellagra-preventive factor (control period) (10), when she 
was given a diet with a high content of the vitamin B complex 
(11), and when this diet was supplemented with 100 mg. of 
nicotinic acid daily by mouth. It is seen that the patient had a 
low level (2.8 mg.) of nicotinic acid excretion on the Ist day of the 
control period, and that output decreased to zero as the diet 
deficient in the vitamin B complex was continued, although the 
stomatitis improved. Changing the diet to one high in the B 
vitamins was reflected by an immediate rise in urinary nicotinic 
acid excretion and a further increase was noted when this diet 
was supplemented by nicotinic acid. 


SUMMARY 


1. We have found that Bandier and Hald’s method is a simple 
and specific procedure for the chemical determination of nicotinic 
acid and nicotinamide in the urine. 

2. With this method the normal urinary excretion of nicotinic 
acid plus nicotinamide, expressed as mg. of nicotinic acid, is found 
to vary from 3.4 to 10.2 mg. in 24 hours. 

3. Urinary nicotinic acid was low in a patient with pellagra, 
disappearing altogether as the diet low in the B vitamins was 


continued. 

4. Administration of a diet high in the B vitamins, and supple- 
mentary administration of nicotinic acid, caused increases in the 
nicotinic acid excretion. 
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MICROESTIMATION OF URONIC ACIDS* 


By ELEANOR M. KAPP 


(From the Department of Medicine, College of Physicians and Surgeons, 
Columbia University, and the Presbyterian Hospital, New York) 


(Received for publication, March 6, 1940) 


It has long been known that glucuronic acid when boiled in 
HCl in the presence of naphthoresorcinol forms a purple ether- 
soluble pigment. The reaction, first described by Tollens (1), 
is given also by galacturonic acid, and has been widely used as 
a qualitative test for the presence of these substances. The 
limitations on its specificity are summarized in van der Haar’s 
(2) monograph on the sugars. 

Recently Salt (3) attempted to apply the reaction to the estima- 
tion of glucuronic acid in urine, with only partial success. His 
efforts were directed to the preparation of urine fractions which 
would yield clean violet colors, unmixed with the pinkish tones 
which are so troublesome in tests on whole urine. His procedure 
consisted in the separation of glucuronides from other urinary 
constituents by fractional precipitation with lead salts; the forma- 
tion of the colored derivative with naphthoresorcinol, however, 
was performed in the classical manner, which, as will be seen, 
would be unlikely to yield reproducible results. 

The need for a simple and reasonably accurate method of 
determining uronic acids in urine led us to examine the Tollens 
reaction itself, to see whether it might not be adapted to quantita- 
tive use by modifying the conditions under which it is carried 
out. It soon became evident that the conditions ordinarily em- 
ployed are far from optimal for color development. However, 
when various factors had been adjusted so as to produce maximum 
amounts of pigment, the sensitivity was markedly increased and 
the color intensity was found to be a linear function of the con- 
centration of uronic acid. 


* The work reported in this communication was carried out under a 
grant from the W. K. Kellogg Foundation. 
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The following factors required modification from the original 
form of the reaction: (1) Time of heating with HCl. Maximum 
color development required several hours, instead of the 1 minute 
boiling period of the classical test. (2) Concentration of HCl. 
The optimum acid concentration was 3 parts of concentrated 
HCl to 7 of aqueous solution, instead of equal parts of each. (3) 
Concentration of naphthoresorcinol. The intensity of color de- 
veloped by a given quantity of uronic acid was found to vary 
with the amount of naphthoresorcinol used. However, the 
smaller the excess of this reagent, the cleaner were the colors 
obtained. The amount of naphthoresorcinol added to each 
test was accordingly reduced to one-tenth of the amount recom- 
mended by Tollens. (4) Dissolution of the pigment. The extract- 
ability of the pigment from the reaction mixture by ether was 
enhanced by reducing the concentration of acid prior to extraction. 
Other immiscible solvents (benzene, ethyl acetate, petroleum 
ether, chloroform) either failed to extract the pigment or yielded 
unsatisfactory colors. 

Color intensity was measured in the Pulfrich stufenphotometer. 
Since the pigment has a well defined absorption maximum at 578 
my, Filter S-57 is well suited for its measurement. Under the 
conditions finally adopted as standard, samples could be used 
containing from 10 to 40 y of glucuronic acid, or from 7 to 30 y of 
galacturonic acid, in a volume of 3.5 ml. or less. 


Details of the Estimation 


Reagents Used— 

Naphthoresorcinol (c.p., Eimer and Amend), 1 per cent solution 
in 95 per cent ethyl alcohol. Store in a brown bottle in the re- 
frigerator. 

Ethyl ether, peroxide-free. 

Sodium sulfate, anhydrous. 

Hydrochloric acid, concentrated, c.P. 

Procedure for Glucuronic Acid—Place a sample containing 
from 10 to 40 y of free glucuronic acid in 3.5 ml. of water in a 
centrifuge tube of 10 or 15 ml. capacity. Add exactly 0.1 ml. of 
naphthoresorcinol solution, followed by 1.5 ml. of concentrated 
HCl. Mix by rotating the tube. Place in a boiling water bath 
or steam bath and heat, uncovered, for 4.5 hours; mix by rotating 

















E. M. Kapp 145 


the tubes every half hour for the first 2 hours. Cool and centri- 
fuge at 2000 r.p.m. for 10 minutes. Remove the bulk of the 
supernatant with a capillary pipette, avoiding disturbance of 
the precipitate, and dilute the remaining drop or so of fluid with 
about 10 times its volume of water. Extract the aqueous suspen- 
sion with successive small portions of ether (about 1 ml. at a time), 
using a capillary pipette to mix the materials thoroughly, and 
transferring the violet-colored extracts to a test-tube. The total 
volume of pooled extracts should not exceed 6 ml. Dry the 
extract by adding to it a small amount of anhydrous sodium 
sulfate. Filter through fine filter paper (Whatman No. 44 is 
satisfactory) into a 10 ml. volumetric flask, using the capillary 
pipette to transfer the solution to the filter and washing the filter 
paper dropwise with as much fresh ether as the capacity of the 
flask will allow. With careful washing, the same funnel and 
paper can be used for a series of extracts. Make up to volume. 
Read the solutions as soon as possible in the stufenphotometer, using 
Filter S-57 and 20 mm. cells, against an ether blank. If there 
is any delay between the preparation of the solutions and their 
reading, protect them from light and keep in the refrigerator. 
With good ether, they may be kept overnight, though this is to 
be avoided whenever possible. 

Procedure for Galacturonic Acid—For galacturonic acid, the 
working range is from 7 to 30 y per sample, and 2 hours on the 
steam bath suffice for maximum color development. 

Calculation of Results—The color intensities developed by 
known amounts of glucuron! and galacturonic acid monohydrate! 
are shown graphically in Fig. 1. The density is that of a 20 mm. 
layer of solution. Equations for the conversion of density (D) to 
mg. were derived empirically from these data, and are represented 
by the straight lines shown in Fig. 1. The equations are the 
_ following. 

(D — 0.08)/16.7 = mg. glucuronic acid (as CsH100) 
(D — 0.08)/24.5 = mg. galacturonic acid (as CsH907) 


The constant 0.08 is in effect a correction for the amount of 
light absorption produced by the reagents alone. (Blank deter- 


1 Authentic specimens of these substances were kindly furnished by 
Dr. Walther Goebel of the Rockefeller Institute. 
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minations yield pale pinkish, straw-colored extracts.) Its possible 
variation from one batch of naphthoresorcinol to another must 
be controlled by determining a blank for each new lot of reagent, 
as the commercial c.p. grade is brown. 

The range of concentration can be extended in preliminary 
estimations by reading very strong colors in a 10 mm. cell and 
doubling the value of the density thus obtained. Such a reading 
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Fra. 1. The relation between the size of the sample of uronic acid and 
the intensity of color developed. 


should be followed by a new determination with a smaller sample, 
calculated to fall within the specified working range, where the 
conversion formula is known to be valid. 

A number of substances, including pentoses, interfere with 
the qualitative test by developing pink colors which obscure the 
definitive purple pigment. Such substances will of course interfere 
with the quantitative estimation as well, since any light absorp- 
tion of extraneous origin which falls within the range of the filter 
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will register as glucuronic acid. For example, a pure specimen 
of d-arabinose formed a dark blue precipitate with naphthore- 
sorcinol under the conditions described here. This precipitate 
yielded a rose-colored ethereal extract, with an absorption maxi- 
mum in the range of Filter 8-47. However, it also showed ab- 
sorption in the range of Filter S-57, of the same order of intensity 
as had been obtained with the glucuronic acid pigment. It is 
therefore essential that preparations of uronic acid for estimation 
be free of contaminants which produce overlapping absorption. 
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Fic. 2. The rate of color development of glucuronic and galacturonic 
acids. 


Salt (3) has described a method of preparing suitable fractions 
from urine. 

In an unknown preparation it is of course necessary to determine 
whether one is dealing with glucuronic or galacturonic acid, in 
order to calculate the results. This can readily be done by making 
use of the rate of color development as a criterion. The rates of 
color development of the two acids are shown in Fig. 2, from 
which it will be seen that they are clearly distinguishable. 

The applicability of the method to a series of preparations from 
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urine was tested by recovery experiments, in which known amounts 
of glucuronic acid were added to samples of previously analyzed 
material. These experiments are summarized in Table I. The 
largest discrepancy between found and calculated values amounted 
to 3 y in 39 y. Duplicates as a rule agreed within 1 or 2 y. 


Observations on the Reaction 


One feature of the reaction whereby the pigment is formed 
warrants discussion. Not only does the amount of pigment vary 
with the amount of naphthoresorcinol, but the color developed 
by a constant amount of glucuronic acid was found to be linear 
with the logarithm of the naphthoresorcinol concentration (see 
Fig. 3). From this we infer that naphthoresorcinol, besides 


TABLE I 


Recovery of Known Glucuronic Acid Added to Previously Analyzed Urine 
Preparations 





= In sample + 0.018 mg. known glucuronic acid 
: In nalsample | 
Preparation No. | went ati ae 
Found 











Calculated 
mg. | mg. mg. 
Ac23 0.008 0.026 | 0.026 
> 0.018 0.036 0.035 
Sm5 0.011 0.029 0.029 
= 0.021 0.039 0.036 
Sm6 0.011 | 0.029 | = (0.028 





reacting with uronic acid, undergoes some other process which 
gradually reduces the amount available for pigment formation. 
Visible evidence of such a side reaction is to be found in the forma- 
tion of a grayish precipitate in blank determinations containing 
only naphthoresorcinol, water, and HCl. The development of 
the precipitate in the blank roughly parallels, in time, the develop- 
ment of the deep blue uronic acid precipitate in the test. The 
rates of the two processes are sufficiently similar to result in 
effective competition between them. Hence the initial relative 
concentrations of naphthoresorcinol and uronic acid are sig- 
nificant and must be controlled carefully; that is, the size of the 
sample must fall within a relatively narrow range, and the 
amount of naphthoresorcinol used must be measured accurately 
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if color development is to be proportional to the amount of uronic 
acid present. 

Another aspect of the above is to be seen in the difference in 
behavior between glucuronic and galacturonic acids. Galactu- 
ronic acid reacts about twice as rapidly as glucuronic acid, reach- 
ing maximum color development in 2 as against 4.5 hours. 
Moreover, the intensity of color developed per mg. is consider- 
ably greater for galacturonic acid, as can be seen from the conver- 
sion formulae. In the case of galacturonic acid, the corrected 
density must be divided by 24.5 to obtain the weight in mg., where- 
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Fic. 3. The relation between the intensity of color developed by a 
constant amount (0.031 mg.) of glucuronic acid and the amount of naph- 
thoresorcinol used. D refers to density as defined for Fig. 1. 


as for glucuronic acid it is divided by only 16.7. The difference in 
the amount of pigment formed by the two compounds may well 
be related to the difference in rate of color development. In the 
presence of galacturonic acid, pigment formation by naphthore- 
sorcinol takes place rapidly, before much of the reagent becomes 
unavailable by the side reaction. In other words, relatively more 
naphthoresorcinol is available for pigment formation during the 
reaction period as a whole in the case of galacturonic acid. It 
follows from these considerations, and is borne out experimentally, 
that uronic acid ia combination must be hydrolyzed prior to the 
addition of naphthoresorcinol. 
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SUMMARY 


Free glucuronic or galacturonic acid can be estimated photo- 
metrically by a procedure based on the Tollens reaction. 

The method is described for samples containing from 10 to 40 y 
of glucuronic acid, or from 7 to 30 y of galacturonic acid. 

These acids can be distinguished from one another by their 
different rates of pigment formation with naphthoresorcinol. 
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THE REACTION OF THE ESTERS OF dl-LEUCINE AND 
OF /-LEUCINE ON THE RANEY CATALYST 
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AND P, A, LEVENE 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, March 9, 1940) 


Catalytic reduction of esters of a-amino acids to corresponding 
alcamines or N-alkylated alcamines over copper chromite catalyst 
was accomplished earlier in this laboratory. It was realized, 
however, that the nickel catalyst has a wider temperature range 
of activity and that therefore by changing the conditions of the 
reaction, the process might be controlled so that, on one hand, the 
desired product would be obtained and, on the other hand, the 
mechanism of the more complex reactions would be brought to 
light. Indeed, it was hoped that, by means of reduction over 
Raney’s catalyst, conditions might be found to obtain from the 
esters of optically active amino acids optically active alcamines. 
These in their turn might serve, on one hand, for the study of the 
relationship of optical activity to physiological action (since 
derivatives of alcamines are physiologically active) and, on the 
other hand, as an intermediary for the assignment of the con- 
figurations of a-amino acids whose configurations have not yet 
been established by direct chemical methods. The expectations 
were realized in many ways, although further refinement in 
procedure is possible. 

The present communication deals with the results of experiments 
on the ethyl ester of dl-leucine and of J-leucine. The earlier 
experiments were performed on the dl form of the acid for obvious 
reasons. 

The conditions varied with respect to temperature, duration, 
and proportion of catalyst. 

At t = 135° and an initial pressure of 2200 pounds per sq. inch 
the only product isolated was leucinol. 
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At t = 185° and at 200° and the same initial pressure, the 
following products were formed: N-dimethyl-2-amino-4-methyl- 
pentane, N-dimethylleucinol, 2 ,5-diisobutylpiperazine, and N , N’- 
dimethyl-2 ,5-diisobutylpiperazine. In none of the experiments 
were all products formed but the number of them and their pro- 


TABLE I 


Reduction of Leucine Ethyl Ester and Its Derivatives and of Glycylglycine 
Anhydride in Hydrogen over Raney’s Catalyst at Varying Temperatures 
and at 2200 Pounds Initial Pressure 


Yield 

















| 
® ile 4 
a . 
E | : | . 3 af 
j | = e x 
E | Starting substance Weight 3 § | 3s 3/3 | 3 
a | e | 22/35 B\S\ 
| - | 4a \sh\ae\2/4|8 
; 3 | 5 Be 32) 3 | E As 
2 | as | as) eiaies 
3 § Ga | sa) 2 | A | 4% 
ye OS eae eee ee ee 
gm. | hrs. | °C, | gm gm | gm. gn. | gm. 
1 | Leucine ethyl ester | 2 | 9! 7 0.6*! 
2| « ee Pe pa iasp p> Bebed 
a)o* © © [wf 4} a0) 12} |6 |18 
4 = oe a | 10 12 | 185 0.9 6 2.5 
S.-] 7 ” é | 10 24 /185|2 | 4.5 2.5 
6 | “a % = . 16 | 200 | 0.5 1.3) 2.2 
7 | N-Dimethylleucinol | 4.5/ 10 | 185 | 2.6 | | 
8 | Leucinol 3 | 12 | 185} 1.9 | 
9 Leucylleucine anhy- | 3 | 16 | 200. | 2.7 
10 | Glyeylglycine anhy- 3 | 16 | 200 | he 2.1f 
dride | | | | 
* Leucinol. 


+t N, N’-Dimethylpiperazine. 


portions varied with change in duration of the reaction and in 
temperature. The proportions are given in Table I. 

As the work progressed, the importance of the proportion of 
catalyst used became evident and we were encouraged to attempt 
the reduction of the ethyl ester of I-leucine at t = 70° with a large 
excess of the catalyst in the hope of obtaining the optically active 
Lleucinol. This hope likewise was realized. 
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The mechanism of the formation of the piperazines attracted 
special attention. It was logical to expect that leucinol and 
dimethylleucinol should be the primary products of the reaction, 
on the basis of the experience of Paden and Adkins! and of Hill 


H C,H, H 
gids). | N 
CH,—|OH H—-|-N nT —H H.C om 
eS. + 2H.0 
sc——_n—/ Hol—cH, “4 CH, 
| | sexsi Gh oa 4 
CH, H = 


and Adkins.? Indeed, Bain and Pollard* observed the condensa- 
tion of amino alcohols into piperazines on heating over Adkins’ 
catalyst at 235°. However, by means of Raney’s catalyst under 
the conditions of temperature and pressure employed by us, both 
leucinol and dimethylleucinol failed to yield detectable quantities 
of piperazines, only 2-aminohexane and N-dimethyl-2-amino- 
hexane respectively having been isolated as products of the reac- 
tion. Hence the mechanism of the formation of piperazines 
required further explanation. 

It was then realized that part of the leucine ester on heating in 
methanol solution might condense into a ketopiperazine which 
then might be reduced to the corresponding piperazine, which 
would or would not be methylated, depending on the conditions 
of the experiment. This expectation was fully realized, for it 


H H 
N N 
RHC 0 RH H, 
+S + 2H,0 
HR H; HR 
N N 
H H 


was found by experiment that, on one hand, the ester heated 
in a sealed tube in methanol solution in the presence or in the 


' Paden, J. H., and Adkins, H., J. Am. Chem. Soc., 68, 2487 (1930). 
* Hill, R. M., and Adkins, H., J. Am. Chem. Soc., 60, 1033 (1938). 
* Bain, J. P., and Pollard, C. B., J. Am. Chem. Soc., 61, 532 (1939). 
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absence of hydrogen condensed into the corresponding ketopipera- 
zine and, on the other, that the latter was reduced to the corre- 
sponding piperazine when heated over Raney’s catalyst at 185° 
in an atmosphere of hydrogen. 

Thus at 185° and at an initial pressure of 2200 pounds of hydro- 
gen per sq. inch two primary products are formed simultaneously, 
each undergoing further reaction. The course of the reaction is 


presented in formulae (I to IV). 
CH,0OH 


| 
H—C—N(CH)): 


R 
7 III 
J i 
CH,OH CH; 


| | 
H—C—NH; H—C—N (CH;): 
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SUMMARY 


1. Conditions are given for the catalytic reduction over Raney’s 
catalyst of dl-leucine ethyl ester to dl-leucinol and for the con- 
version of l-leucine ethyl ester to /-leucinol. 

2. Conditions are given for separation of the products formed 
from leucine ethyl ester over Raney’s catalyst at the temperature 
of 185°. The products are N-dimethyl-2-amino-4-methylpentane, 
N-dimethylleucinol, 2 , 5-diisobutylpiperazine, and N , N’-dimethyl- 
2,5-diisobutylpiperazine. 

3. The mechanism of formation of piperazines from esters of 
amino acids over Raney’s catalyst is discussed. 

4. A convenient procedure for the preparation of ketopiperazines 
is given. 

EXPERIMENTAL 
Action of Raney’s Catalyst on |-Leucine Ethyl Ester in Presence 


of Hydrogen at 70°—5 gm. of I-leucine were converted into its ethyl 
ester in the usual manner. Yield 3.8 gm. 


4.680 mg. substance: 10.310 mg. CO; and 4.140 mg. H,O 

7.081 ‘“ ” : 0.539 ec. N; at 27°, p 761 mm. 
CsH:;0.N. Calculated. C 60.37, H 10.69, N 8.80 
159.1 Found. ** 60.07, “ 10.62, “ 8.67 


la]p = a = +11.7° (homogeneous) 

4 gm. of Raney’s catalyst were added to a solution of 1 gm. of 
Lleucine ethyl ester, [a] = +11.7°, in 40 cc. of absolute methanol 
and reduced with hydrogen at a pressure of 2200 pounds per sq. 
inch at 70° for 9 hours. The product was isolated as usual. 
B.p. 130°, p = 18 mm. 

The substance had a composition agreeing with that calculated 


for l-leucinol. 


3.485 mg. substance: 7.800 mg. CO, and 4.065 mg. H,O 


4.185 ‘* 7 : 0.438 ec. Ny at 28°, p 757 mm. 
CsH,ON. Calculated. C 61.47, H 12.90, N 11.95 
117.1 Found. ** 61.10, ‘* 13.02, “ 11.85 
+0.27° X 100 


= +3.8° (in methanol); n> = 1.4476 


la]5 = 


1X71 
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l-Leucinol Picrate—0.2 gm. of distilled /-leucinol was dissolved 
in 1 cc. of ether and an ether solution of 0.2 gm. of dry picrie acid 
was added. After standing for several hours the product had 
completely crystallized. 

A constant melting point of 120-121° was reached after recrys- 
tallization from methanol. 

The substance had a composition agreeing with that calculated 
for the l-leucinol picrate. 


5.276 mg. substance: 8.085 mg. CO, and 2.525 mg. H,O 





4.875 ‘ “ : 0.691 cc. Nz at 28°, p 761 mm. 
CywHywOsN,. Calculated. C 41.61, H 5.26, N 16.18 
346.1 Found. ** 41.78, ** 5.36, “* 16.10 
0. 1 
lelp = * ae x = +5.9° (in methanol) 


In another experiment, 2. gm. of leucine ethy] ester, [a]?> = +10.6° 
(homogeneous), were dissolved in 80 cc. of methanol and 5.5 ce. 
of centrifuged Raney’s catalyst (8 gm.) were added. This was 
reduced at 2200 pounds pressure for 9 hours at 70°. 

The product distilled from a bath at a temperature of 100-110° 
at a pressure of 12mm. Weight 0.6 gm., n” = 1.4478. 


+0.23° X 1 
1X 12 





[a]> = — = +1.9° (in methanol) 


4.425 mg. substance: 9.995 mg. CO, and 5.080 mg. H,O 
CsHyON. Calculated. C 61.47, H 12.90 
117.1 Found. ** 61.59, ‘* 12.84 


Action of Raney’s Nickel Catalyst on dl-Leucine Methyl Ester 
in Methanol at 135°—9 gm. of dl-leucine methyl ester were dis- 
solved in 100 ec. of methyl alcohol and reduced for 24 hours with 
Raney’s catalyst in hydrogen at a temperature of 135° and an 
initial pressure of 2200 pounds per sq. inch. The catalyst was 
removed by filtration and the filtrate was acidified with hydrogen 
chloride. The acidified solution was concentrated to a semi- 
crystalline mass and then dissolved in 150 cc. of warm acetone. 
After cooling, the crystalline product was filtered. Yield 3.8 gm. 

Recrystallized from methanol, the substance had the correct 
melting point for dl-leucinol hydrochloride, 160-161°,* and the 
following composition. 


‘ Christman, C. C., and Levene, P. A., J. Biol. Chem., 124, 453 (1938). 
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4.914 mg. substance: 8.505 mg. CO, and 4.495 mg. H,O 
CsHywON-HCl. Calculated. C 46.87, H 10.5 
153.6 Found. * 47.19, ** 10.3 


The acetone mother liquors were concentrated, yielding a 
mixture of unchanged leucine methyl ester and leucinol. 

Action of Raney’s Nickel Catalyst on Leucine Methyl Ester in 
Methanol in Presence of Hydrogen at 185°. I. 2,5-Diisobutyl- 
piperazine Hydrochloride—10 gm. of the ester were dissolved in 
100 ec. of methyl alcohol and reduced with hydrogen in the 
presence of Raney’s catalyst at the temperature of 185° and initial 
pressure of 2200 pounds per sq. inch. The reaction product was 
worked up as described above. The semicrystalline mass of the 
hydrochloride was treated with 50 cc. of warm methyl alcohol 
which dissolved all the material in some experiments and left 
some insoluble material in other experiments. The filtrate after 
the removal of the insoluble substance was worked up as given in 
section (II). The insoluble substance was dissulved in 10 ce. 
of water, cooled to 0°, and treated with 10 cc. of a cold 25 per cent 
sodium hydroxide solution. The free base was extracted with 
ether and the ether extract was dried with potassium carbonate. 
After removal of the ether a crystalline substance was obtained 
which was purified by three recrystallizations from pentane. This 
substance melted at 79-80° and had a composition agreeing with 
that calculated for a dibutylpiperazine. 


3.222 mg. substance: 8.590 mg. CO; and 3.790 mg. H,O 


4.110 “ o : 0.50 cc. Ne at 27°, p 763 mm. 
CyzHesN2. Calculated. C 72.72, H 13.2, N 14.1 
198.2 Found. ** 72.64, “* 13.2, “ 13.9 


II. N-Dimethyl-2-A mino-4-Methylpentane—After removal of 
the dibutylpiperazine hydrochloride, the methyl alcohol solution 
was concentrated to dryness and dissolved in 50 cc. of cold water. 
This solution was treated with 40 cc. of a cold 25 per cent sodium 
hydroxide salution and the free base was extracted with ether. 
The ether extract was dried with potassium carbonate and the 
ether distilled off through a 10 inch Vigreux column, the tem- 
perature of the bath being kept below 65°. 

The crude material was then fractionally distilled through a 6 
inch Vigreux column at a pressure of 20 to 22 mm. The first 
fraction distilled at 50-60° and was redistilled under atmospheric 
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pressure, boiling at 110-115°. This substance had a composition 
agreeing with that calculated for an N-dimethylaminohexane. 


4.823 mg. substance: 13.109 mg. CO, and 6.500 mg. H,O 
CsHiyN. Calculated. C 74.42, H 14.9 
129.2 Found. ** 74.12, ** 15.1 


The substance was converted into the picrate by the procedure 
previously described.‘ M.p. 132-134°. It had the following 
composition. 

4.504 mg. substance: 7.820 mg. CO, and 2.490 mg. H.O 


CyHnOWN,. Calculated. Cc 46.92, H 6.19 
358.2 Found. ** 47.34, “ 6.18 


III. N-Dimethylleucinol—The next fraction, after removal 
of the N-dimethyl-2-amino-4-methylpentane, was collected be- 
tween 110-120°, giving a substance which had a composition 
agreeing with that calculated for an N-dimethylaminohexanol. 


3.008 mg. substance: 7.302 mg. CO, and 3.485 mg. H,O 


7.709 “ “ : 0.652 ce. Ne at 28.5°, p 767 mm. 
CsHiwON. Calculated. C 66.14, H 13.18, N 9.66 
145.2 Found. ** 66.19, ‘“* 12.96, “ 9.66 


This substance formed a picrate which melted at 105-106" 
in agreement with the melting point given for the picrate of dl- 
N-dimethylleucinol. It had the following composition. 

5.287 mg. substance: 8.700 mg. CO, and 2.790 mg. H:O 


CyuHwOsN,. Calculated. Cc 44.89, H 5.98 
374.2 Found. ** 44.87, “ 5.90 


IV. N,N’'-Dimethyl-2 ,5-Diisobutylpiperazine—After removal 
of the dimethyl-2-amino-4-methylpentane and the dimethyl- 
leucinol the still residue was separated into two fractions, the 
first one distilling between 120° and 150° at 22 mm. and composed 
of a mixture of N-dimethylleucinol and N , N’-dimethyldiisobutyl- 
piperazine. The proportion of each in this fraction was calculated 
from the carbon and hydrogen values. 

The second fraction distilled at 150-155° at a pressure of 1 to 2 
mm. This substance contained from 72 to 73 per cent carbon, 
indicating the presence of some dimethylleucinol. Accordingly, a 
picrate was made of this fraction by dissolving the product in hot 
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methyl alcohol and adding a hot methyl alcohol solution of picric 
acid. The picrate was insoluble in the hot methanol, thus sepa- 
rating it from the soluble picrate of dimethylleucinol. The 
picrate dissolved in hot absolute ethanol and settled out again on 
the addition of ether. It had a melting point of 255-257° and a 
composition agreeing with that calculated for the picrate of an 
N, N’-dimethyldiisobutylpiperazine. 
5.910 mg. substance: 9.890 mg. CO, and 2.720 mg. H.O 


CusHyeN2-CiHeN Ona. Calculated. C 45.61, H 5.3 
684.3 Found. ** 45.63, ** 5.2 


This picrate was then decomposed according to the directions 
given for decomposition of the picrate of N-dimethylleucinol,* 
giving a product which distilled at 80-85° at 0.3 to 0.5 mm. pres- 
sure. The substance had a composition agreeing with that calcu- 
lated for an N ,N’-dimethyldibutylpiperazine. 


3.303 mg. substance: 9.005 mg. CO, and 3.990 mg. H,O 


5.022 ‘* » : 0.549 cc. N» at 26°, p 754 mm. 

6.311 “ ™ : 5.311 cc. 0.01 Nn Na,S,0; 
CuHsoN2. Calculated. C 74.34, H 13.4, N 12.39, CH3(N) 13.22 
226.3 Found. ** 74.34, “ 13.5, “* 12.38, “ 12.73 


Action of Raney’s Nickel Catalyst on Dimethylleucinol in Methanol 
at 185°—Dimethylleucinol (4.5 gm.) was dissolved in 100 cc. 
of methanol and reduced for 10 hours with 3 gm. of Raney’s 
nickel, at a temperature of 185° and an initial pressure of 2200 
pounds. The product was worked up as the free base in the 
manner described previously. The colorless liquid completely 
distilled at 60-70° under 20 mm. pressure and then redistilled 
at 110-115° under atmospheric pressure. Yield 2.6 gm. 

The picrate of this substance melted at 132-134°. The sub- 
stance thus had the properties of N-dimethyl-2-amino-4-methyl- 
pentane. 

Synthesis of N ,N’-Dimethylpiperazine by Reduction of Glycyl- 
glycine Anhydride—3.0 gm. of glycylglycine anhydride were 
dissolved in 30 cc. of dry methanol. To the solution were added 
5.0 gm. of Raney’s catalyst and reduction was carried out at 200° 
as described. The filtrates from the catalyst and the washings 
were combined and acidulated with hydrogen chloride gas until 
acid to Congo red and were then concentrated to a thick syrup. 
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The residue was taken up in 10 ce. of water and an aqueous solu- 
tion of sodium picrate was added to it. The yield was nearly 
quantitative, 9.5 gm. of picrate (1.9 gm. of base). After recrystal- 
lization, the melting point was 280°. 

The substance had the following composition. 


5.822 mg. substance: 8.085 mg. CO, and 1.990 mg. H,O 


4.620 “ a : 0.797 ec. N; at 27°, p 750 mm. 
CysH29D UN ss. Calculated. C 37.75, H 3.55, N 19.57 
572.2 Found. "a, e_ mae 


Synthesis of N ,N'-Dimethyl-2 ,5-Diisobutylpiperazine by Reduction 
of dl-Leucylleucine Anhydride—3.0 gm. of leucylleucine anhydride 
and 5 gm. of Raney’s catalyst were treated as in the previous 
experiment. The yield of the picrate was 9.6 gm. (2.82 gm. of 
base). M.p. 256-258°. 

The substance had the following composition. 


5.410 mg. substance: 8.995 mg. CO, and 2.595 mg. H,O 


5.615 “ ods : 0.812 cc. N; at 26°, p 762 mm. 
CosHyOuNs. Calculated. C 45.59, H 5.30, N 16.35 
684.3 Found. ** 45.32, “ 5.36, “ 16.20 


Condensation of dl-Leucine Methyl Ester to Its Anhydride in 
Hydrogenation Apparatus in Absence of Catalyst—This experi- 
ment was undertaken to test the hypothesis of piperazine 
formation from leucine methyl ester through the intermediate 
formation of ketopiperazine. 4 gm. of dl-leucine methyl ester 
were dissolved in 15 cc. of dry methanol and placed in the hydro- 
genation apparatus without catalyst for 9 hours at an initial 
pressure of 1900 pounds per sq. inch and a temperature of 150°. 
The apparatus was allowed to cool for 10 hours. The partially 
crystalline reaction product was concentrated under reduced 
pressure to a white crystalline mass. Yield 2.6 gm.; m.p. 268- 
270° after recrystallization from 98.5 per cent ethanol. 

The substance had the following composition. 


4.295 mg. substance: 10.000 mg. CO, and 3.790 mg. H,O 


4.300 “ ? : 0.469 cc. N; at 27°, p 759 mm. 
CwH202N2. Calculated. C 63.66, H 9.81, N 12.38 
226.2 Found. ** 63.49, “ 9.87, “‘ 12.38 


Condensation of dl-Leucine Methyl Ester to dl-Leucylleucine 
Anhydride—3 gm. of dl-leucine methyl ester were taken up in 5 
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cc. of dry methanol and heated in a sealed tube at 150° for 9 hours. 
The partially crystalline reaction product was concentrated under 
reduced pressure to a crystalline mass. Yield 2.0 gm.; m.p. 
268-270° after recrystallization from ethanol. 

The substance had the following composition. 


4.926 mg. substance: 11.505 mg. CO, and 4.300 mg. H,O 


4.480 “ ag : 0.484 cc. N,; at 24°, p 759 mm. 
Ciu:H20:N:2. Calculated. C 63.66, H 9.81, N 12.38 
226.2 Found. ** 63.69, ‘* 9.76, “* 12.40 


In a similar way 1.0 gm. of /-leucine methyl ester, [a] o — 
+16.7°, yielded 0.7 gm. of the active ketopiperazine, m.p. 271°. 


4.313 mg. substance: 10.100 mg. CO, and 3.790 mg. H,O 


4.600 “ = : 0.502 cc. N, at 26°, p 759 mm. 
Ci2H202N2. Calculated. C 63.66, H 9.81, N 12.38 
226.2 Found. ** 63.85, “ 9.90, “ 12.48 
—0.45° X 100 . 
[a]> = ——————— = —2.81° (in methanol) 


1 X 16 
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THE STRUCTURE OF DEXTRAN SYNTHESIZED FROM 
SUCROSE BY BETACOCCUS ARABINOSACEUS, 
ORLA-JENSEN 


By W. Z. HASSID anp H. A. BARKER 


(From the Division of Plant Nutrition of the College of Agriculture, University 
of California, Berkeley) 


(Received for publication, March 8, 1940) 


The chemical structure of the dextran produced by the action 
of bacteria of the Betacoccus arabinosaceus (Leuconostoc mesen- 
terioides) group on sucrose has been recently studied by several 
authors. The results of Fowler, Buckland, Brauns, and Hibbert 
(1) indicate that the dextran formed by a strain of Leuconostoc 
mesenterioides' is a polymer of a pentaglucopyranose anhydride 


1 Since there is no general agreement as to the delimitation of the species 
Betacoccus (Leuconostoc) arabinosaceus, Betacoccus mesenterioides, and 
Betacoccus dextranicus, these specific names are of little value in identifying 
individual organisms. The identity or non-identity of two strains of 
dextran-forming heterofermentative lactic acid bacteria can at present be 
recognized only by reference to specific characters, of which the most useful 
appear to be the abilities to ferment arabinose, xylose, and raffinose and 
to form definite capsules. The organism used by Fowler, Buckland, 
Brauns, and Hibbert (1) ferments both arabinose and xylose but not raffi- 
nose; no capsules were observed. The organism used by Fairhead, Hunter, 
and Hibbert (2) is not described; but if these authors follow the Hucker 
and Pederson classification, the specific name deztranicus indicates an 
organism unable to ferment either arabinose or xylose. Peat, Schliichterer, 
and Stacey (3) also failed to describe the organism with which they worked. 
Since, however, the culture was obtained from Professor A. J. Kluyver 
(Delft) and is referred to as Betacoccus arabinosaceus haemolyticus (Leu- 
conostoc dextranicum) it almost certainly has the following characteristics: 
arabinose and raffinose are fermented, xylose may or may not be fermented, 
capsules are not formed, hemolysis occurs. The organism we have used 
ferments arabinose but not xylose or raffinose ; capsule formation has never 
been observed. Therefore, it differs from the organisms referred to above 
in respect to the ability to ferment either xylose or raffinose. It should be 
emphasized, however, that all of the dextran-forming heterofermentative 
lactic acid bacteria are or appear to be very closely related. 
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in which three of the linkages between the glucose units are of the 
1,6 type, while the remaining two are either 1,4 or 1,6. No 
data were given with regard to the molecular weight of the dex- 
tran. 

The dextran obtained by Fairhead, Hunter, and Hibbert (2) 
through the action of another strain (referred to as Leuconostoc 
dextranicus') on sucrose yielded 2,3 ,4-trimethylmethylglucoside 
and about 10 per cent dimethylmethylglucoside as the sole 
products of hydrolysis of the methylated polysaccharide, but no 
tetramethylmethylglucoside was obtained. Since no evidence of 
the presence of any end-groups has been found, these authors con- 
clude that they are not dealing with a short chain polymer but 
rather with a linear polymer in which the terminal units of one 
chain are linked with members of adjacent chains. 

Peat, Schliichterer, and Stacey (3) in their investigation of the 
dextran produced by a third strain' of Betacoccus report a small 
amount of tetramethylglucose (0.23 per cent of the weight of 
methylated dextran) in the hydrolysis product of the methylated 
derivative. This end-group fraction indicates a chain length of 
about 550 glucose units. The molecular weight determination by 
osmotic pressure measurements gave a value corresponding to 200 
glucose units. 

The present investigation of the dextran produced from sucrose 
by a strain of Betacoccus arabinosaceus' isolated from soil con- 
firms the results of Fowler, Buckland, Brauns, and Hibbert (1) 
in that the main hydrolytic fraction of the methylated dextran is 
2,3,4-tetramethylmethylglucoside. The quantity of dimethyl- 
and tetramethylglucose obtained from the hydrolysis products 
of the methylated dextran, however, was much lower than that 
obtained by these authors. The small amount of tetramethyl- 
glucose (end-group fraction) suggests that the polysaccharide is 
made up of chains of anhydroglucose units joined uniformly by 
glucosidic linkages between the Ist and 6th carbon atoms to form 
a terminated chain. The molecular weight of the dextran as de- 
termined by Staudinger’s viscosity method on the methylated 
product with K,, = 10-* (4) was 11,700. Since, however, it is not 
certain whether this method can be applied for the molecular 
weight determination of this polysaccharide, the value obtained 
cannot be regarded as reliable. It is considered, therefore, that 
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the value 2600 + 50, obtained by the ultracentrifuge (sedimenta- 
tion equilibrium method), gives a more trustworthy result. The 
dextran is insoluble in water, but dissolves in alkaline solution. 
Its specific rotation [a], in 1 N sodium hydroxide was +184°. 
The high positive rotation of the dextran and its downward mu- 
tarotation during hydrolysis indicate that the 1,6-glucosidic 
linkage in the dextran has the a configuration. 
EXPERIMENTAL 

The dextran was prepared by inoculating the organism into a 
medium of the following composition: sucrose 600.0 gm., yeast 
extract 15.0 gm., KsHPO, 30.0 gm., MgSO,-7H,O 1.2 gm., (NH,)e- 
SO, 3.6 gm., distilled water 6 liters. 

The pH of the medium was 7.6. After being incubated for 6 
days at 28° the fermented medium became highly viscous and had 
a reaction of pH 4.4. The dextran was then precipitated by the 
addition of an equal volume of 95 per cent alcohol, filtered, washed 
with dilute alcohol, and dried in vacuo at 100°. The dextran was 
insoluble in water and did not reduce Fehling’s solution. The 
ash content of an anhydrous sample was 0.9 per cent, nitrogen 
0.1 per cent. 

Specific Rotation—|[a|p = +184° (in 1 N sodium hydroxide, c = 1) 


Analysis*—(CsH,0O0s)n. Calculated. C 44.4, H 6.2 
Found. * 44.1, * 6.5 


Hydrolysis of Dextran and Identification of Glucose—1 gm. of 
the dextran was hydrolyzed for 4 hours under a reflux condenser 
with 2.5 per cent sulfuric acid, neutralized with sodium hydroxide, 
and diluted. The reducing value determined on the neutralized 
solution by oxidation with ferricyanide and titration with ceric 
sulfate (5) was 94 per cent calculated as glucose. An osazone was 
prepared from the remainder of the solution by treatment with 
phenylhydrazine hydrochloride and sodium acetate according to 
Mulliken (6). The osazone separated out as a yellow precipitate 
when heated on a boiling water bath for 5 minutes. It was iden- 
tified by its melting point and by the shape of its crystals under the 
microscope as glucosazone. Mannose was not present.’ The 

* Calculated on an ash-free basis. 


* Under the conditions employed a nearly white precipitate of mannose 
phenylhydrazone forms within less than half a minute. 






— Sais 2 2% 


Tame 









tinny gaia pancetta 


<—-—9r>- 


re RR RTT A = me ene 


ete epee Se 


ew 


een rmepreer tes + 


— 


rate 








166 Structure and Synthesis of Dextran 


absence of fructose was shown by the negative Seliwanoff reaction 
carried out on the hydrolyzed solution according to Roe (7), 
When the polysaccharide was distilled with 12 per cent hydro- 
chloric acid and the distillate treated with thiobarbituric acid, 
no precipitate was formed. This showed the absence of pentose 
or uronic acid units in the polysaccharide. 

In order to determine the direction of mutarotation during 
hydrolysis of the dextran, 1 gm. of the material was dissolved in 
100 ce. of 1 N hydrochloric acid by heating on a steam bath in a 
flask supplied with a reflux condenser. The rotation of cooled 
portions of the solute was determined at several time intervals. 
The specific rotation [a], of the first portion determined after 
about 15 minutes was +154°. The rotation of the successive 
portions diminished gradually with time until after 6 hours it 
reached +54°, and then remained constant. This value ap- 
proximately agrees with the rotation of an equilibrium mixture 
of a- and §-glucose, which is +52.5° in water. The downward 
mutarotation during hydrolysis indicates the a configuration of 
the glucose units in the polysaccharide. 

Acetylation of Dextran—4 gm. of the powdered dextran were 
soaked for 30 minutes in 25 cc. of acetic acid through which 
chlorine gas had been previously bubbled for 1 minute. 40 ce. 
of acetic anhydride, through which sulfur dioxide was passed for 
1 minute, were then added, and the mixture shaken for several 
hours with a mechanical shaker. It was then kept at 80°, with 
occasional shaking for 2 hours. The insoluble fraction was cen- 
trifuged off and the supernatant liquid poured into a large excess 
of cold water. The resulting precipitate was washed with water 
and dried in vacuo at 80°. 


Specific Rotation)—[a)p = +190° (in chloroform, c = 1) . 
Analysis—(C.H;O;(CH;CO)s;),. Calculated. CH ;CO 44.8 
Found. ~~ Ss 


Regeneration of Dextran from Its Triacetate—The triacetate was 
deacetylated by allowing it to stand overnight with 50 per cent 
aqueous methyl alcoholic 3 per cent potassium hydroxide. The 
mixture was then acidified with acetic acid, 2 volumes of 95 per 
cent alcohol were added, and the resulting precipitate washed 
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with more alcohol and then dried. The regenerated dextran dif- 
fered from the original in that it was soluble in water. 


Specific Rotation—|[a|p = +180° (in water, c = 1) 


Methylation of Dextran—20 gm. of the dextran were ground to a 
fine powder, placed in 100 cc. of water, and methylated at 50° 
with 200 cc. of methyl sulfate and 400 cc. of 30 per cent sodium 
hydroxide over a 4 hour period. At the end of that time the solu- 
tion was heated to 100°; the methylated polysaccharide separated 
out. After three methylations (of which the last one was con- 
ducted in the presence of acetone) a product was obtained with a 
methoxyl content of 36 per cent. The partially methylated 
polysaccharide was further methylated according to the modi- 
fication of Fowler, Buckland, Brauns, and Hibbert (1) of Muskat’s 
method (8) by dissolving the partially methylated product in 
anisole and then treating with liquid ammonia, sodium, and 
methyl iodide. 

Specific Rotation—[a]p = +214° (in chloroform, ¢c = 1) 


Analysis—(CsH7O:(OCHs)s)s. Calculated. OCH; 45.6 
Found. «45.0 


Hydrolysis of Methylated Dextran and Separation of Cleavage 
Products—10 gm. of the methylated polysaccharide were per- 
meated with 50 cc. of glacial acetic acid by being kept in a flask 
for an hour under reduced pressure. 100 cc. of 5 per cent hydro- 
chloric acid were added and the mixture kept on a steam bath for 
12 hours, at which time only a part of the polysaccharide went 
into solution. More acetic acid, hydrochloric acid, and water 
were added to make a 50 per cent aqueous acetic acid solution 
containing 4 per cent concentrated hydrochloric acid and the mix- 
ture was then kept at 100° for 12 more hours. At the end of that 
period the methylated polysaccharide had dissolved. The acid 
was partially neutralized with barium carbonate and the remain- 
ing acetic acid removed by vacuum distillation with addition of 
water as required. The residue was extracted by a mixture of 
alcohol and benzene. The resulting syrup, weighing 6.5 gm. and 
containing the trimethyl- and tetramethylglucoses, was dissolved 
in 45 cc. of water and separated according to the procedure of 
Bell (9) by extracting the aqueous solution of the mixture with 
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chloroform. The chloroform solution was evaporated to dryness 
and extracted with boiling petroleum ether. The extract after 
evaporation of the petroleum ether yielded 0.27 gm. of 2,3,4,6- 
tetramethylglucose. 

Specific Rotation—|[a)]p = +81.5° (in water, c = 1) 


Analysis—C,H,0:(OCH;),. Calculated. OCH; 52.6 
Found. oe 


The aqueous extract containing the trimethylglucose was 
evaporated to a syrup and boiled for 12 hours under a reflux con- 
denser with 200 cc. of methyl alcohol containing 1.5 per cent 
hydrogen chloride. The solution was neutralized with silver car- 
bonate and filtered. The filtrate was clarified with charcoal, fil- 
tered again, and evaporated to a syrup. The weight of the 
syrup was 3.92gm. Its methoxyl content was 51.9 per cent, which 
corresponds to that of trimethylmethylglucoside (calculated for 
CsH,02(OCHS),, 52.6). The syrup began to crystallize after it 
was distilled in vacuo (0.1 mm. pressure), and kept standing for 
several days. The semicrystalline material was pressed on a 
porous glass plate and recrystallized from petroleum ether. 

Specific Rotation—|a]p = —20.2° (in water, c = 1) 


Analysis—C.H;0,(OCH;),. Calculated. OCH; 52.6 
Found. ~~ 


Reported [a], values for 2,3,4-trimethyl-8-methylglucoside 
are —20.57° (1) and —21° (3). 

The residue, containing the barium salts, after extraction with 
benzene, was extracted with ethyl acetate. After evaporation 
of the ethyl acetate 0.29 gm. of syrup was obtained. Its methoxyl 
content was 30.3 per cent, corresponding to that of dimethyl- 
glucose (calculated for CeHieO.«(OCHs)e, 29.8). 

Molecular Weight of Dextran—The molecular weight was deter- 
mined on the methylated dextran according to Staudinger’s vis- 
cosity method. The specific viscosity of a 0.4 per cent solution 
of the methylated derivative was 0.29. This corresponds to a 
molecular weight of 14,800 for the methylated dextran, according 
to Staudinger’s formula with K, = 10-* (4), and 11,700 for the 
dextran. However, since it was not known whether the constant 
K,, = 10-* could be used for this polysaccharide, the viscosity 
method for determination of the molecular weight cannot be 


regarded as reliable. 
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The molecular weight was also determined by the sedimentation 
equilibrium method with the air-driven top ultracentrifuge as 
developed by McBain (10). The molecular weight of the meth- 
ylated dextran obtained by this method was 3275 + 50. This 
corresponds to a molecular weight of 2600 + 50 for the dextran. 
The determinations with various centrifugal forces gave the same 
molecular weights, indicating that the methylated polysaccharide 
is essentially homogeneous. 


SUMMARY 


The structure of the dextran synthesized by the action of a 
strain of Betacoccus arabinosaceus (Leuconostoc mesenterioides) 
on sucrose was studied. On treatment of this polysaccharide 
with acid, glucose was obtained as the sole product of hydrolysis. 
Its positive rotation and the downward mutarotation during 
hydrolysis suggest an a configuration of the anhydroglucose units 
in the molecule. 

On methylation and subsequent hydrolysis of the dextran 2 ,3 ,4- 
trimethyl-8-methylglucoside was obtained as the main product of 
hydrolysis, and a small amount of an end-group (tetramethylglu- 
cose) was isolated. This indicates that the polysaccharide con- 
sists of a-glucopyranose units linked through the Ist and 6th 
carbon atoms to form terminated chains. 

The molecular weight of the dextran determined on the meth- 
ylated derivative by the Staudinger viscosity method was 11,700. 
A value of 2600 + 50 was obtained for its molecular weight with 
the ultracentrifuge by the sedimentation equilibrium method.‘ 


The authors wish to express their gratitude to Professor J. W. 
McBain for the use of the ultracentrifuge and to Mr. L. H. Perry 
for carrying out the molecular weight determinations. 

Clerical assistance in the preparation of this material was 
furnished by the personnel of the Works Progress Administration, 
Official Project No. 465-03-3-587, Unit B10. 


‘Recently molecular weight determinations were carried out with the 
air-driven top ultracentrifuge on fully methylated starch. A value of 
2750 was obtained, which is about 10 times smaller than the molecular 
weight determined by other investigators (11) using viscosity, osmotic, 
and ultracentrifugal methods. In view of this discrepancy, there exists 
considerable uncertainty as to the interpretation of the molecular weight 
reported for the bacterial polysaccharide. 
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Values found in the literature (1-8) for the composition of 
cetacean milk were based on specimens collected several hours 
after the animals had been killed. The samples may have been 
contaminated with sea water, blubber oil, blood, or other body 
fluids, and some may have been poorly preserved; Clowes (2) has 
adequately discussed these points. The milk analyses reported 
in this paper are significant because they were obtained on uncon- 
taminated samples from living animals. Data will be presented 
on the major constituents of milk obtained from three live bottle- 
nose dolphins (Tursiops truncatus) and, in addition, from one 
spotted dolphin (Prodelphinus plagiodon) 1.5 hours after it had 
been harpooned. 


EXPERIMENTAL 


Collection of Material—The milk samples were taken from the 
captive dolphin suspended above the water in a sling. The 


* Part of the expense of this project was defrayed from a grant-in-aid 
of the Committee on Research in Endocrinology of the National Research 
Council and from the Biological Grant from the Rockefeller Foundation 
to the University of Chicago. 

t The authors are listed alphabetically because the work was carried out 
by them as a group. 

! The collection of this material was made possible through the whole- 
hearted cooperation of the scientific and technical staffs of the Marine 
Studios, Marineland, St. Augustine, Florida. The location of the Marine 
Studios is ideal for the capture of dolphins; the trained personnel handles 
these animals without injuring or unduly exciting them. The efficient 
service of the Eastern Air Lines and the Air Express of the Railway Express 
Agency was an indispensable link in the transportation of the samples from 
St. Augustine or Jacksonville to the laboratories in Chicago. 
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nipples and surrounding region were carefully dried and protected 
from dripping water with towels. The milk was expressed by 
firmly kneading the entire length of the mammary gland to- 
ward the nipple until the flow almost ceased. The milk was 
white in appearance with a yellow tinge and a creamy consistency; 
it had a fishy odor when freshly drawn and the taste was oily and 
lacked sweetness. No change in consistency or appearance of the 
sample was observed during milking. A portion of the sample 
was used for osmotic pressure determinations which were carried 
out at the Marine Studios. After a small amount of formalin 
had been added as a preservative, the remainder of the sample was 
chilled and shipped to Chicago in the special refrigerated con- 
tainers described in a previous paper (9). 

Chemical Methods—The following determinations were made on 
the milk: water, total nitrogen (and in some cases non-protein 
nitrogen), fat, sugar, sodium, potassium, calcium, magnesium, 
chloride, inorganic phosphorus, pH, and osmotic pressure. All 
analyses were made in duplicate. The chemical methods were 
the same as those used for the dolphin blood (9), except that cal- 
cium and magnesium were determined on ashed samples of milk. 
The details followed in this procedure were the same as those 
reported for tissue analyses by Eichelberger and Bibler (10). The 
non-protein nitrogen was estimated by the modified method of 
Erickson, Stoner, and Macy (11). In addition, total fat was 
determined by both the Babcock and extraction methods, and 
the sugar by the Miller and Van Slyke method (12). 


Results 


In Table I, the analytical results obtained from the analyses of 
milk from three live dolphins, Nos. 2, 4, and 5,? and one har- 
pooned spotted dolphin, A, are given. The length of the time 
since parturition was unknown except for Dolphin 5, which was 
nearing the end of lactation. The calf following her was feeding 
on mullet and attempting to nurse at frequent intervals. Al- 
though the cow was milked a number of times, the sample of milk 


? Both milk and blood samples were obtained from these three dolphins, 
and the numbers designating them correspond to those used in the previous 
communication (9). Milk and blood from Dolphin 4 were taken simul- 
taneously. 
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obtained was always small. The points of interest in the data 
are as follows: (1) All of the milks were rich in fat and protein and 
low in lactose; (2) the sums of the inorganic base concentrations 
were 121.7, 133.2, and 129.8 milliequivalents per liter in Dolphins 
2, 4, and A, respectively, and in Dolphin 5 (near the end of the 
lactation period) the total base concentration was 146.6 milli- 
equivalents per liter; and (3) the percentage of solid matter in the 
milk of Dolphin 5 was 24.45, while 31.02, 28.63, and 32.58 per 
cent were found respectively in the milk of Dolphins A, 2, and 4. 
Because of the differences in the composition of the milk from the 
different animals of the same species, mean values are not pre- 
sented. 


DISCUSSION 


Many of the values in the analytical data of this study of 
dolphin milk differed from those reported by previous investi- 
gators, while some were comparable. The differences may be 
attributed to various factors, among which are the following: (1) 
the milk was obtained from different species, (2) the milk was 
obtained from animals in different stages of lactation, and (3) the 
fact that the milk analyzed was obtained from living dolphins. 
Although variations were found in the composition of milk from 
the different animals of the same species, all of the specimens were 
high in proteins (ranging from 94.2 to 111 gm. per liter), high in 
fat (ranging from 108 to 180 gm. per liter), and low in lactose 
(ranging from 3.9 to 7.7 gm. per liter). Thus, this rich milk 
supplies the necessary constituents required by the calf for its 
rapid rate of development. 

The most apparent similarities in the protein and fat content of 
milk from other mammals are found in the reindeer, rabbit, and 
dog (Table I). All of these, therefore, have high caloric values. 
The dolphin milk, however, has a low lactose content, which is its 
most differentiating factor. These findings agree with those of 
many other whale milk analyses (2-8). The dolphin milk is 
obviously dissimilar to human milk. 

Some fluctuation was found in the mineral constituents of the 
dolphin milk, the largest variations being in the sodium and potas- 
sium concentrations. Although the individual concentration of 
sodium and potassium varied, their sums were quite constant; 
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for example, in Dolphins 2, 4, and A, the sums were 76.8, 89.0, 
and 86.2 milliequivalents per liter. In Dolphin 5, the animal 
near the end of lactation, the sum was 103.0 milliequivalents per 
liter, the increase being accounted for entirely by sodium. The 
calcium and magnesium values were consistent in all of the speci- 
mens analyzed. 

As with other mammals, the changes in the total base concen- 
trations as the animals approached the end of lactation indicate 
that as the offspring grows, the milk is modified in composition. 
This waning of lactation was marked by a diminution in yield 
and in content of solid matter. This milk with the lowered lactose 
and the increased salt content may well have been less appetizing 
to the suckling, apparently for the purpose of inducing the off- 
spring to turn to other foods for sustenance. Also, it may be an 
adaptive mechanism, the nature of which is not yet understood. 
Since the mineral composition of milk “runs parallel to the stage 
of development of the embryo when born”’ ((14) p. 163), the total 
base concentrations of the milks of those mammals of comparable 
maturity at birth are similar. 


SUMMARY 


Milks obtained from three living bottle-nose dolphins and from 
a spotted dolphin 1.5 hours after death have been analyzed for 
their major chemical constituents. Dolphin milk, compared 
with that of most species, was found to be high in fat (108 to 180 
gm. per liter) and protein (94.2 to 111 gm. per liter), and low in 
lactose (3.9 to 7.7 gm. per liter). 
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A TEST OF 2-KETO-I-GULONIC ACID FOR ANTI- 
SCORBUTIC PROPERTIES 


By ERIC G. BALL 


(From the Department of Physiological Chemistry, the Johns Hopkins Univer- 
sity, School of Medicine, Baltimore) 


(Received for publication, March 13, 1940) 


When ascorbic acid (I) undergoes oxidation in a neutral me- 
dium, the oxidized product (II) first formed undergoes a fairly 
rapid transformation into more acid substances. As discussed 
previously (1), this change would appear to involve first an open- 
ing of the lactone ring to yield 2,3-diketo-l-gulonic acid (III). 
Further changes may then occur. Regeneration of ascorbic acid 
from such transformation products cannot be accomplished by the 
same simple reduction procedures that are effective for the con- 
version of dehydroascorbic acid (II). Now dehydroascorbic 
acid, which is stable in mildly acid solutions, has been shown to 
possess antiscorbutic properties (2, 4). The question therefore 
arises whether the animal body is capable of reconstituting as- 
corbic acid from 2,3-diketo-l-gulonic acid (III). If not, it would 
appear that opening of the lactone ring is equivalent to destruction 
of the vitamin and that when the vitamin is oxidized in the body 
it must be rapidly reduced again if its destruction is to be pre- 
vented. Borsook et al. (2) have reported that ascorbic acid oxi- 
dized in vitro in neutral or alkaline solutions and allowed to 
undergo the transformation discussed above possesses no anti- 
scorbutic potency. They have therefore concluded that diketogu- 
lonic acid does not have antiscorbutic properties. It appeared 
desirable, however, to test this premise further with material of 
known composition. The use of 2,3-diketo-l-gulonic acid for 
this purpose is not as suitable as the more stable reductant of this 
compound, 2-keto-l-gulonic acid or its dienol form (IV) which can 
be easily prepared in pure crystalline condition. Therefore since 
the first step in the conversion of 2,3-diketo-l-gulonic acid into 
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ascorbic acid by the tissues would appear to be its reduction to 
2-keto-l-gulonic acid, a test of its antiscorbutic properties seemed 
worth while. Though this acid is an intermediate in the chemical 
synthesis of vitamin C, no test of its antiscorbutic properties 
appears to have been previously recorded. Such a test is here- 
with described. 
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Preparation and Properties of 2-Keto-l-Gulonic Acid 


Though ascorbic acid may be produced from 2-keto-l-gulonic 
acid by the removal of water to form a lactone ring, the reverse 
process does not occur readily. Ascorbic acid heated in 0.1 N 
sodium hydroxide at 100° for 2 hours in an atmosphere of nitrogen 
showed no loss in its reducing power towards 2 ,6-dichlorophenol 
indophenol. The open chain acid does not reduce this dye. The 
2-keto-l-gulonic acid employed was, therefore, synthesized from 
l-sorbose' according to the method of Reichstein and Griissner 
(5). The crystalline product obtained was recrystallized once 
from water. It melted with decomposition between 155-160°. 
Reichstein and Griissner state that decomposition occurs at 
171° but that the decomposition point varies with the mode of 
heating. When titrated with alkali, the acid required 94 per cent 
of the theoretical amount calculated for CsHwO;, or approxi- 
mately 100 per cent of the theoretical if 1 molecule of water of 
crystallization is assumed. A 0.025 m solution of the half neu- 
tralized acid (total ionic strength = 0.025) had a pH value of 
2.81 + 0.02 at 30°. Ascorbic acid under similar conditions 
possesses a pK’ value of 4.13 (1). A solution containing 20 


1 The l-sorbose was kindly furnished by Chas. Pfizer and Company, Inc. 
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mg. of 2-keto-l-gulonic acid showed reducing action towards 
2,6-dichlorophenol indophenol that was less than that produced 
by 0.05 mg. of ascorbic acid. When such a solution was heated 
for 2 hours at 100° in the absence of air, it acquired pronounced 
reducing properties towards the dye, which quantitatively cor- 
responded to 13.7 per cent conversion to ascorbic acid. Under 
similar conditions Reichstein and Griissner (5) report 14 per cent 
conversion of 2-keto-l-gulonic acid to ascorbic acid. 


Feeding Experiments 


The antiscorbutic activity of the 2-keto-l-gulonic acid was tested 
by feeding it to guinea pigs. Male animals, all weighing about 
200 gm., were fed ad libitum the basal diet of Sherman, La Mer, 
and Campbell (6) with bran added as suggested by Eddy (3). 
Five sets of two animals each were employed and received the 
following additional supplements which were given daily by direct 
oral administration. 

No Additional Supplement—The two animals in this set both 
died on the 27th day after they were placed on the experimental 
diet. Both animals lost weight rapidly during the last week and 
on autopsy showed the characteristic manifestations of scurvy: 
beading and enlargement of the costochondral junctions, marked 
hemorrhages throughout the body, fragility of the bones, looseness 
of the incisors, and enlargement of the knee joints. 

Ascorbic Acid, 2 Mg. Daily—The two animals in this set showed 
moderate weight gain and were sacrificed on the 27th and 33rd 
days of the experiment. Both animals on autopsy appeared 
perfectly normal. 

2-Keto-l-Gulonic Acid, 2 Mg. Daily—One of the animals in this 
set lost weight rapidly and died on the 22nd day of the experiment. 
The leg joints showed some swelling and the epiphyses were sus- 
piciously weak, but other signs of scurvy were not evident on 
autopsy. The other animal also lost weight rapidly but did not 
die until the 32nd day. Here the characteristic symptoms of 
scurvy had more time to develop and were as severe as those found 
in the animals on the basal diet alone. 

2-Keto-l-Gulonic Acid, 5 Mg. Daily—One animal in this set died 
after rapidly losing weight on the 17th day. On autopsy no 
indications of scurvy were found. The other animal died on the 
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24th day and showed on autopsy manifestations of scurvy which, 
though not as marked as in the case of the animals on the basal 
diet alone, were unmistakable. 

2-Keto-l-Gulonic Acid, 12 Mg. Daily—One animal in this set 
died on the 14th day. Autopsy revealed pneumonia as the cause 
of death. The other animal was sacrificed on the 20th day and 
showed unmistakable signs of mild scurvy on autopsy. 


SUMMARY 


The results of the feeding experiments are not conclusive enough 
to state that 2-keto-l-gulonic acid possesses no antiscorbutic proper- 
ties. There is an indication that at the higher dosage levels of 
this acid the scurvy symptoms were less severe but it must be 
remembered also that at these higher dosage levels the small 
percentage (0.1 to 0.2 per cent) of ascorbic acid present as an 
impurity in the preparation begins to reach amounts that are 
biologically effective. The experiments do indicate, however, 
that this acid is far less effective in preventing scurvy than is 
ascorbic acid when fed in similar amounts to guinea pigs. It 
would, therefore, appear that no appreciable regeneration of 
ascorbic acid in this animal occurs from 2, 3-diketo-/-gulonic acid 
by way of 2-keto-l-gulonic acid. This suggests that the opening 
of the lactone ring in vitamin C is tantamount to loss of anti- 
scorbutic properties. The simultaneous loss of reducing and anti- 
scorbutic properties on opening of the lactone ring further suggests 
that the reducing action of ascorbic acid is in some way associated 
with its biological function. 


I am indebted to Dr. Barnett Cohen for his expert advice and 
assistance in diagnosing the scurvy symptoms. 


BIBLIOGRAPHY 


1. Ball, E. G., J. Biol. Chem., 118, 219 (1937). 

. Borsook, H., Davenport, H. W., Jeffreys, C. E. P., and Warner, R. C., 
J. Biol. Chem., 117, 237 (1937). 

. Eddy, W. H., Am. J. Pub. Health, 19, 1309 (1929). 

. Hirst, E. L., and Zilva, S. S., Biochem. J., 27, 1271 (1933). 

. Reichstein, T., and Griissner, A., Helv. chim. acta, 17, 311 (1934). 

. Sherman, H. C., La Mer, V. K., and Campbell, H. L., J. Am. Chem. Soc., 
44, 165 (1922). 


i) 


ou + w 











ee i A” et 














THE GROWTH METABOLISM OF RHIZOBIUM, WITH 
EVIDENCE ON THE INTERRELATIONS BETWEEN 
RESPIRATION AND SYNTHESIS 


By SAM R. HOOVER anp FRANKLIN E. ALLISON 


(From the Bureau of Agricultural Chemistry and Engineering, United States 
Department of Agriculture, Washington) 


(Received for publication, December 21, 1939) 


Numerous cultural studies with rhizobia, reported during the 
past 50 years, have established that these organisms have a com- 
paratively simple metabolism. The quantity of sugars consumed 
in respiration in comparison with that consumed in growth is 
smaller than for most bacterial species. The formation of inter- 
mediate products of carbohydrate oxidation, such as organic acids 
and alcohols, is usually almost negligible. The main by-product 
ordinarily formed is a complex gum (7), the quantity varying 
markedly with the bacterial strain and growth conditions. This 
paper presents manometric and analytical data dealing with the 
respiration and growth metabolism of a strain of Rhizobium grown 
under conditions such that practically no by-products were 
formed. The carbohydrate consumed is accounted for quanti- 
tatively and its efficiency of utilization calculated. From these 
data some idea can be had of the interrelations existing between 
respiration and growth. 


Methods 


The general procedure was to culture the organisms in a thin 
layer in large Erlenmeyer flasks and aseptically to remove 4 to 
10 cc. samples at various times, starting as soon as there was 
sufficient growth to study, and continuing until growth stopped. 
The samples were examined for oxygen consumption, CO, pro- 
duction, respiratory quotient, dry weight of organisms, compo- 
sition of organisms, composition of medium, and efficiency of 
growth. Analyses were made directly on the growing cultures, 
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and not on “resting cells” centrifuged from the medium. The 
technique used was worked out in an effort to understand both 
the resting oxidation and growth metabolism, especially the use 
which the organism makes of the carbohydrate. 

Organism Studied—Rhizobium meliloti, No. 131, of the Uni- 
versity of Wisconsin cultures, obtained through the courtesy of 
Dr. I. L. Baldwin, was used. This strain produces a negligible 
quantity of gum on our medium, is a rapidly growing organism of 
high infectiveness and effectiveness, and has been used in much 
of our previous work. 

Culture Conditions—The organisms were grown on a sucrose- 
inorganic salts medium (1) containing iron and coenzyme R (6), 
with ammonia or nitrate nitrogen added as desired. The bac- 
teria were grown at 28° in 2 liter Erlenmeyer flasks containing 
medium to a depth of about lem. The initial pH was 6.8 but as 
growth proceeded the ammonia cultures tended to become slightly 
more acid and the nitrate ones more alkaline. The cultures 
were not aerated but were shaken well each day and before 
sampling. 

Respiration Measurements—The usual Warburg technique (3) 
was used at 28°, the measurements being made in duplicate. The 
respiratory quotient was determined by the first method of War- 
burg, in which the CO, is absorbed in Ba(OH): as the Oy, con- 
sumption is measured, and subsequently displaced by HCl tipped 
in from the side arm. 

Growth Measurements—The quantity of organisms present in a 
sample was determined by centrifuging 10 cc. aliquots, washing 
once with distilled water, and determining oxidizable material by 
the method of von Fellenberg (4). The sample is digested in a 
mixture of 0.1 N K,Cr,O; and concentrated H,.SO, and diluted, 
KI is added, and the iodine, set free by the excess chromic acid, 
titrated with 0.1 N Na,S,0;. Digestion for 1 hour on a steam bath 
gave better reproducibility than 15 minutes at room temperature 
as in the original method. An empirical factor of 1.25 cc. of 0.1N 
K,Cr.0; per mg. of organisms was obtained by titration versus 
dry weight analysis. 

Determination of Sugar and Extracellular Growth Products—The 
modified procedure of von Fellenberg as given above was also used 
for the determination of oxidizable materials left in the medium 
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after centrifuging. The accuracy of the method for determina- 
tion of sucrose with the theoretical factor was checked against 
optical activity determinations. 

Analysis of Dried Bacteria—A sample of culture large enough 
to yield 10 to 20 mg. of dried bacteria was centrifuged, distilled 
water added and again centrifuged, and the bacteria finally dried 
in a vacuum desiccator over P,O;. They were analyzed for 
carbon and hydrogen by combustion and for nitrogen by the 
micro-Kjeldah] procedure. This latter method was checked 
against a micro-Dumas determination with excellent agreement. 














TaBLe I 
Analysis of Bacterial Culture Medium for Cell By-Products and Unused Sugar 
sample 9 eel ae 
| mg. per ec. | mg. per ce. | mg. per ce. 
0.400 % solution of glucose 4.00 
| 3.95 | 
| 4.08 | 4.01 | 3.79 + 0,20 
Centrifugate from 10 day cul- | 13.52 
ture grown on sucrose | 13.14 
| Baas 
13.29 13.35 | 13.264 0.15 
Centrifugate from 15 day cul- 6.60 
ture grown on sucrose 6.66 
6.68 | 6.65 | 6.692 0.15 
Centrifugate from 30 day cul- | —_ 14.10 
ture grown on sucrose | 14.10 14.10 | 13.15 + 0.15 
Results 


Analysis of Medium for By-Products and Unused Sugar—In 
Table I are reported analyses of the centrifugates from three 
typical cultures grown on sucrose, as well as of a standard glucose 
solution. The results obtained by titration are compared with 
those obtained by the optical activity method. 

The analyses show no gum or other oxidizable by-products in 
the centrifugate from 10 and 15 day cultures. The only oxidizable 
material present was unused sugar, as evidenced by the close 
agreement between values obtained by the optical activity and 
von Fellenberg methods. Gum formation would be easily de- 
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tected, since according to Grieg-Smith (5) its specific rotation igs 
29°; the value for sucrose is 66.5°. 

The figures for the 30 day culture indicate that some 10 per cent 
of the extracellular material was not sucrose, but this fact is un- 
important in these studies of growing bacteria, since 10 and 15 
day cultures had already stopped growing without significant 
gum production. Undoubtedly a high percentage of the bacteria 
in the 30 day culture was dead and had undergone some autolysis. 


TaBLs II 
Chemical Composition of Rhizobium meliloti 





apgpnent —— ae Carbon Hydrogen Nitrogen Ash* 

days per cent per cent per cent per cent 

1-7 KNO; 3 47.80 6.87 5.73 (5.00) 
5.76 

H-1 - 6 50.52 7.14 6.00 5.50 
6.06 

H-1 ™ 20 49.49 6.94 6.60 4.91 
2 6.60 

1-10 NH.Cl 4 50.20 7.19 6.15 | (5.00) 
| 6.24 

H-2 ™ 20 49.47 7.07 6.27 4.79 

Mean Se ey 49.50 7.04 6.17 5.07 

‘* ash-free basis..... .| 62.14 7.42 6.50 0.00 








The limits of all analyses are C 47.5 to 50.6, H 6.80 to 7.20, N 4.96 to 6.60. 

* The ash content of approximately 5 per cent is not to be considered 
as contamination with mineral salts. The medium before inoculation was 
clear except in the cultures of Experiments I-7 and I-10, where a turbidity 
due to insoluble phosphates was present and a large black ash (9 per cent) 
resulted on ignition. The analytical results on these two cultures are 
calculated to 5 per cent and the subsequent calculations of economic 
coefficient are also based on this ash content. 





Composition of Bacteria—It was necessary to determine the 
empirical composition of the bacteria in order to know the type 
of synthesis occurring, and to check the validity and constancy of 
the von Fellenberg procedure as a measure of dry weight. Table II 
gives analyses of bacteria taken from cultures used in obtaining the 
respiration data plotted in Figs. 1 and 2. 

The bacteria were remarkably constant in composition over the 
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entire growth period when grown on both nitrate and ammonia 
nitrogen. A mean value of the analyses (Table II), calculated 
on an ash-free basis, gives C,.«HisNO,. for the elementary com- 
position, which was taken as CisHyN2O». The sulfur content of 
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Fic. 1. Results of respiration measurements on cultures of Rhizobium 
grown on nitrate and ammonia nitrogen during a 16 day growth period. 





the bacteria is not considered but this introduces only a minor 
error. 

Respiration Studies—The respiration studies involved the de- 
termination of Qo, (c.mm. of O, per mg. of dry weight per hour), 
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Qco, (c.mm. of CO: per mg. of dry weight per hour), and by 
calculation the r.q. (Qco,/Qo,). The results of the measure- 
ments, usually continued over a period of 8 to 10 hours, are 
plotted in Figs. 1 and 2. 

High values for Qo,, Qco,, and R.q. were found in young cul- 
tures and all three decreased as the amount of growth approached 
the maximum. The Qo, values were lower and the R.@. values 
much higher for nitrate cultures than for ammonia cultures, 
indicating that the oxygen of the nitrate was utilized. The 
final k.q. value with both nitrogen sources approximated theoreti- 
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cal for complete oxidation of sucrose and analysis showed a con- 
stant dry weight of organisms in the old cultures. 

Interpretation of the respiration data is greatly facilitated by 
plotting the Qco, and Qo, figures against each other, as in Fig. 3. 
This shows a linear relationship above approximately 8, which is 
the basal Qo, (or Qco,) for old resting cultures, as well as for 
young centrifuged and washed organisms that are truly resting (2). 
The slope of this line (Qco,/Qo, — intercept) is interpreted as the 
R.Q. of growth, since growth and normal complete oxidation of 
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sucrose with simultaneous reduction of nitrate where present have 
been shown to be the only measurable reactions occurring. The 
growth R.Q. thus determined has a value of 1.86 for the nitrate 
cultures and 1.20 for those supplied ammonia nitrogen. 
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Fic. 3. A plot of Qco, versus Qo, values for cultures of Rhizobium grown 
on nitrate and ammonia nitrogen. 


An over-all equation of growth, based upon the separate reac- 
tions mentioned, can be set up to fit the growth R.q., assuming 
that sucrose and nitrate are utilized to produce organisms of the 
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composition previously determined (Table II). These reactions 
may be represented as follows: 





7/12 CyH2On + 70, — 7CO, + 77/12 H,0 (1) 
R.Q. = 1.0 
4/12 CyH.O0On + 2HNO; + }H,0 —— 2NH,OH + 4CO, (2) 
R.Q. = @ 
21/12 CyHnOy, + 2NH,OH —> CipHgN2O¢ + 2CO0, + 99/12 H,O (3) 
R.Q. = @ 
32/12 CyH20u + 70, + 2HNO; — (4) 
CisHs2N20, + 13CO, + 172/12 HO 
R.Q. = 1.86 


Similar equations can be written to fit the growth R.q. of 1.20 
observed with ammonia nitrogen, since these organisms had the 
same composition as those grown on nitrate. These are as 


follows: 

10/12 CyH20in + 100, —_ 10CO, + 110/12 H.O (5) 

: R.Q. = 1.0 
| 21/12 CyH2On a 2NH,OH — CisHy2N20¢5 + 2CO, + 99/12 H,0 (6) 

R.Q. = © 
31/12 CyH201 a 100, + 2NH,OH => (7) 

CisHyN2O, + 12CO, + 209/12 H,O 
R.Q. = 1.20 


These equations indicate that about 3 per cent less sucrose was 
consumed in producing a given quantity of bacteria with ammonia 
than with nitrate nitrogen. This is in general agreement with 
expectations, since nitrate reduction (Equation 2) requires sugar. 
If no more energy were required for Equation 6 than is represented 
by Equation 1 the over-all growth equation would be 


28/12 CyH»nOn + 70, a 2NH,OH a@ (8) 
CisHy2N20, + 9CO, + 176/12 H,O 
R.Q. = 1.29 


There is little reason, however, to expect synthesis according to 
Equation 8, since over half of the sugar in Equation 2 is not used 
in nitrate reduction but is presumably available for growth. 

The accuracy of the r.q. value of 1.20 observed with ammonia 
nitrogen is less than that of 1.86 observed with nitrate, owing to 
the less steep slope (Fig. 3) and to fewer observations. The 
efficiency data given below and our knowledge of the energy re- 
quirements for nitrate reduction would indicate that the value of 
1.20 is slightly low. 
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It is not to be inferred that the reactions take place as written. 
For instance, nitrate reduction probably never actually proceeds 
to NH,OH but some such type of reaction does occur. Likewise, 
growth is of course far more complicated than the simple over-all 
reactions might indicate. 

Efficiency of Sugar Utilization—The efficiency of carbohydrate 
utilization is often expressed as the economic coefficient (mg. of 
dry weight of organisms produced per 100 mg. of sugar consumed). 
Dry weight, if related to the equations given previously, must 
include the constituent ash (cf. foot-note to Table II) which is a 
part of the synthesized cell. Calculated on this basis and with 
no allowance for basal respiration a theoretical efficiency of 49.8 
for Equation 4, 51.4 for Equation 7, and 56.9 for Equation 8 is 
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Fie. 4. Economic coefficients of cultures of Rhizobium grown on nitrate 
and ammonia nitrogen in the presence of excess sucrose. 


obtained for the synthesis. The observed economic coefficient 
should approach nearest to these limiting figures in the youngest 
cultures. The values observed according to two methods are 
given below. 

In the first method the economic coefficient was measured di- 
rectly on aliquots o1 the cultures used in the respiration studies by 
determining sugar utilization per unit of dry weight synthesized. 
In these cultures a considerable excess of sugar was always present 
and the determinations were thus subject to rather large errors, 
since both growth and decrease in sugar concentration, especially 
in the young cultures, were small. The economic coefficients 
shown in Fig. 4 represent over-all values for the entire growth 
period. In general these values, as well as those obtained with 
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other cultures, show initial efficiencies of about 45, decreasing to 
35 or 40 as growth reaches the maximum, and then falling stil] 
further as the rate of growth becomes negligible. The values for 
young cultures are near theoretical and show that basal metabo- 
lism consumed only a small portion of the sugar. The efficiency 
was higher for organisms grown with ammonia than with nitrate 
nitrogen, in agreement with theory. 

In the second type of determination of efficiency, growth was 
limited by the amount of sucrose present and any significant 
production of chemically oxidizable by-products would have been 
evidenced both by direct determination and by a lesser amount 
of synthesis. The period before measurable growth occurred 
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Fic. 5. Economic coefficients of cultures of Rhizobium grown on nitrate 
and ammonia nitrogen in the presence of limiting amounts of sucrose. 


was rather long because of the small inoculum used. The dry 
weights of bacteria (Fig. 5) show that during a 10 day period an 
0.087 per cent solution of sucrose was completely utilized with an 
economic coefficient of about 40° with ammonia and 37 with 
nitrate. This was only 10 to 20 per cent less than the maximum 
amount of growth attained with excess sugar and very young 
organisms. These growth measurements are consistent with the 
respiration data (Fig. 3) and the results in Fig. 4. Incidentally, 
these efficiencies are much higher than those commonly reported 
for other species of bacteria. 


DISCUSSION 


The experimental observations and calculations made furnish 
considerable definite information on the interrelations existing 
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between growth and respiration. When the Qo, and Qco, values 
of cultures at various stages of growth were plotted against each 
other (Fig. 3) a linear relationship was found to exist between 
values above the basal metabolism. The fact that the relation- 
ship is linear, and no products besides bacteria and CO, were 
produced, furnishes very strong evidence that in a growing cul- 
ture two types of reactions are involved, one is the simple res- 
piration (basal metabolism) reaction and the other is the over- 
all growth reaction for which equations were established. Ap- 
proximately the same quantity of sugar per unit weight of bacteria 
is consumed in basal metabolism for resting and for growing 
cultures. This follows from the linearity of the Qo,-Qco, rela- 
tionship as well as from the Qo, observed (2) for young resting 
cells. The growth reaction is merely added to the low basal 
oxidation that is always present. The rate of growth is therefore 
proportional to Qco, above the resting Qco, of about 8; that is, 
to (Qco, — 8). A Qco, of 48, for example, indicates that about 
five-sixths of the sugar being consumed is going to synthesis at 
the time of measurement. The rate of growth is likewise pro- 
portional to (Qo, — 8) provided the nitrogen source used does not 
carry utilizable oxygen. 

The evidence also indicates that the growth reaction is itself 
made up of at least two types of reactions. One of these (Equa- 
tion 6) involves the conversion of sugar and nitrogen into bac- 
teria, and the other (Equation 1 or 5) represents the oxidation of 
sugar to CO, and H,O. One-fourth of the sugar used in the over- 
all growth reactions shown in Equations 4 and 8 (nitrate reduc- 
tion being neglected for the moment) is consumed according to 
Equation 1; the corresponding fraction for Equation 7 is approx- 
imately one-third. Apart from basal metabolism, then, a con- 
siderable quantity of sugar is required to synthesize bacterial cells. 

These studies show that the over-all growth efficiency of a 
culture can be determined either directly or from the Qco,-time 
curves, allowance being made for basal respiration. In the pres- 
ent experiments, however, direct comparisons of efficiencies so 
determined show general but not quantitative agreement. This 
is not unexpected considering that the values in one case are for 
unaerated cultures kept in Erlenmeyer flasks and in the other 
case are for cultures kept in well aerated Warburg vessels during 
the period of the determinations. 
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Comparatively few studies have been reported in the past with 
microorganisms in which a complete accounting of the materials 
consumed and of the products formed was made, as has been 
done here with Rhizobium meliloti. These studies emphasize 
the need for additional investigations of this type. 


SUMMARY 


The results of respiration and chemical studies on growing cul- 
tures of Rhizobium meliloti, supplied with ammonia and nitrate 
nitrogen, are as follows: 

1. Essentially the only products formed were COs, HO, and 
bacterial cells of nearly constant composition with respect to age 
of culture and nitrogen source. 

2. The Qco,-Qo, relationship was analyzed graphically, and 
empirical equations established that describe the basal respira- 
tion and synthetic growth reactions occurring. 

3. The rate of growth was proportional to Qco, above 8, that is 
to (Qco, — 8). It was also proportional to (Qo, — 8) if the nitro- 
gen source used did not furnish available oxygen. 

4. A theoretical maximum growth efficiency or economic coeffi- 
cient was calculated from the above findings. Direct determina- 
tions of economic coefficient by two methods agreed well with the 
theoretical value. Values of 40 to 50 were observed for very 
young cultures. 


The writers are greatly indebted to Mildred 8. Sherman for the 
determinations of the chemical composition of the bacteria, and 
to C. A. Ludwig, D. Burk, and F. W. Minor for valuable criti- 


cisms. 
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A PERMANGANATE ACID ASHING MICROMETHOD FOR 
IODINE DETERMINATIONS 


I. VALUES IN BLOOD OF NORMAL SUBJECTS* 


By D. 8. RIGGSt anp EVELYN B. MAN 


(From the Departments of Physiology and Psychiatry, Yale University School 
of Medicine, New Haven) 


(Received for publication, March 7, 1940) 


Although the importance of blood iodine determinations in 
the study of thyroid functions has been clearly established, differ- 
ent methods have given widely varying values (2, 3, 7-9, 12, 13, 
19, 22, 24-26, 28, 31, 32, 35-38, 46, 50, 53). The present per- 
manganate acid ashing method has been developed after discovery 
of some of the errors and difficulties in the older methods. Per- 
manganate has previously been employed for the determination 
of iodine (17, 33)t but it has not been used in acid solution with 
substances such as blood, in which the amount of organic material 
is so large in proportion to the minute quantity of iodine. 

10 cc. of oxalated blood are oxidized with permanganate, dilute 
sulfuric acid, and the catalysts, ceric sulfate and copper. Distilla- 
tion of the iodine is effected with oxalic acid, which liberates free 
iodine from its oxidized compounds. The iodine in the distillate 
is oxidized to iodate by permanganate as recommended by Grodk 
(15), and is then determined quantitatively by a starch-thiosulfate 


*Some of the data in this paper are taken from the thesis presented 
by D. 8. Riggs in partial fulfilment of the requirements for the degree of 
Doctor of Medicine, Yale University, 1939. 

t Theresa Seessel Fellow, Department of Physiology, Yale University 
School of Medicine, 1939-40. 

t White and Rolf have recently published (54) a method for the deter- 
mination of diodrast and inorganic iodide iodine in urine, plasma, and 
trichloroacetic acid filtrates of blood or blood cells. This is apparently 
& modification of Grodk’s method which is used in the final step of our 
procedure. White and Rolf’s method is not applicable to the small 
amounts of iodine occurring in normal blood. 
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titration. The iodine in inorganic and organic compounds hag 
been recovered in 59 analyses, in thirty-four of which the reagents 
were added directly to the compounds, and in twenty-five of 
which the reagents were added to a mixture of these compounds 
and blood. Duplicate determinations on twenty samples of 
normal blood have been made by this method. 

The discrepancies in blood iodine values are undoubtedly caused 
by certain difficulties which were encountered when both the 
alkaline ashing procedure and the chromic acid distillation tech- 
nique were tried in our laboratory.' In the alkaline ashing meth- 
ods (7, 11, 12, 16, 20, 27, 31, 35, 45, 47, 53) the blood is heated 
with strong alkali to a fairly high temperature until destruction 
of the organic matter is complete. The charred mass is extracted 
with alcohol and the extract is evaporated to dryness. Iodine in 
the residue is determined by one of various methods. The volatil- 
ity of many iodine compounds at high temperatures, the difficulty 
of complete ashing without high temperatures, the danger of losses 
from many transfers and incomplete extraction, and the diffi- 
culty of obtaining iodine-free alkaline reagents contribute to the 
error of these methods. 

In the acid ashing methods (3, 10, 18, 23, 50, 52) blood is di- 
gested with chromic acid in sulfuric acid solution, thus oxidizing 
the iodine to iodate or iodine pentoxide. A suitable reducing 
reagent converts the iodine to the free form which can then be 
separated from the digest by distillation. This method has the 
advantages over the alkaline ashing method that it is quicker, 
permits complete oxidation of blood without the danger of volatili- 
zation of iodine compounds, and eliminates the transfers and diffi- 
culties of extraction. It has the disadvantages that in the older 
complicated apparatus vacuum or steam distillation is necessary 
to procure quantitative iodine recoveries, and that chromium 
compounds may contaminate the distillate and interfere in the 
final step of the procedure. 

Some oxidative step just before titration is essential in both the 
alkaline and acid ashing methods. Oxidation by bromine or 
chlorine has been used extensively but even minute quantities of 
excess bromine or chlorine may interfere seriously in the final 


1 Durlacher, 8. H., Blood iodine determination, unpublished thesis 
presented for the degree of Doctor of Medicine, Yale University, 1938. 
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titration. Matthews, Curtis, and Brode (23)* eliminated the use 
of bromine by adapting Grodk’s method of oxidation of the dis- 
tilled iodine by permanganate. However, with chromic acid, 
volatilization of chromy] chloride or similar compounds may 
lead to high values. In our method any manganese compounds 
appearing in the distillate do not interfere, since they are com- 
pletely reduced together with the excess permanganate used in 
the final step to oxidize the iodine. Thus the danger of contami- 
nation of the distillate is eliminated and a simplified distilling 
apparatus without entrainment traps can be used. The distilling 
apparatus is indeed so simple that iodine can be carried over 
quantitatively without steam or vacuum distillation. 


Apparatus 


The all-Pyrex distilling apparatus* with interchangeable ground 
glass joints is drawn to scale in Fig. 1. It consists of the following 
parts: A, digestion flask made from a 900 cc. Kjeldahl flask of 
which the long neck has been replaced by a ground glass joint; 
B, distilling arm connecting the flask with the condenser by two 
inside ground glass joints. The capillary tube attached to the 
dropping funnel extends to within 8.0 mm. of the bottom of the 
flask, A. The cross arm from the center of the capillary to the 
center of the condenser tube is 135 mm. long; C, short coil con- 
denser, the water jacket of which measures 170 mm. Below the 
water jacket is a dew cup; D, receiving flask made by cutting off 
the top of a thin glass, 250 cc. wide mouth Erlenmeyer flask. At 
the base is joined a short horizontal side arm with a capacity of 
approximately 3 cc. and calibrated at 2 cc.; Z, the thermometer, 
10 cm. long and calibrated in 1° divisions from 120-200°, is at- 
tached by a heavy rubber band to the capillary tube of the 
distilling arm. 

Thermometer. 35 cm. long and graduated from 0-200°. 

Antibumps. 17 and 13 cm. long. A satisfactory type is made 


* Matthews, N. L., The determination of iodine in biological materials, 
unpublished thesis presented for the degree of Master of Science, Ohio 
State University, 1937. 

* This apparatus has been made for us by the Macalaster-Bicknell Com- 
pany, 412 Temple Street, New Haven, Connecticut. 
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from a short length of glass tubing joined end to end with a 
glass rod. 

Fisher burners. 

Electric hot-plate. 

Sand bath. A Pyrex pie plate covered with a thin layer of 
iodine-free sand serves as a convenient water bath for the oxida- 
tion step. 








APPARATUS 
TO SCALE 








Fic. 1. Distilling apparatus. A, digestion flask; B, distilling arm; C, 
short coil condenser; D, receiving flask; Z, thermometer. 


Rehberg microburette similar in length and capacity to that 
described by Rehberg (41). The tip is attached to the burette 
by a ground glass joint and the terminal portion is drawn into a 
very fine capillary which dips under the surface of the solution 
during titration. 

Wash bottle. The Corning washing bottle No. 1110 (1933 
catalogue) is satisfactory but it should be provided with a saliva 
trap. 
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Preparation and Purification of Reagents 


Where not otherwise specified, analytical reagent chemicals 
are used. Redistilled water is used not only in the preparation 
of solutions but also to rinse all apparatus. 

Redistilled water. Approximately 200 gm. of potassium 
carbonate or hydroxide and a few glass antibumps are placed in 
a special 12 liter round bottomed distilling flask mounted on a 
shallow sand bath. The flask is half filled with distilled water, 
and connected to a water condenser by means of a ground glass 
joint. The sand bath is heated and the distillate is discarded 
until it becomes neutral to methyl red. More distilled water is 
added to the distilling flask as it is needed. The alkali should 
be replaced every 2 or 3 weeks. 

0.1 per cent potassium oxalate solution (39). 

Potassium permanganate. 700 gm. of crystalline potassium 
permanganate are dissolved as rapidly as possible by heating 
with 2500 cc. of water. The crystals should be stirred frequently 
until dissolved. As soon as the last crystals have disappeared, 
the solution is filtered through glass wool into a beaker and is 
stirred constantly while the beaker is chilled in ice water. The 
permanganate is suction-filtered on Whatman No. 42 filter paper 
in a Buchner funnel, washed five times with cooled redistilled 
water, transferred to a large porcelain evaporating dish, and 
dried in an oven overnight at 100°. It may be necessary to re- 
peat this procedure once or twice. 

1 per cent potassium permanganate solution is made from the 
recrystallized reagent. 

0.2 m potassium permanganate solution. 31.6 gm. of recrystal- 
lized reagent are diluted to 1000 cc. with redistilled water. This 
solution should be stored in a brown bottle in the dark. If a 
precipitate forms the solution should be filtered through a glass 
fritted funnel. 

Copper metal, granular. 

Ceric sulfate. 15 gm. of ceric sulfate are washed with 75 ce. 
of boiling 95 per cent redistilled ethyl alcohol. The ceric sulfate 
is allowed to settle and most of the supernatant alcohol is de- 
canted. The remainder is filtered through a small filter paper. 


*G. Frederick Smith Chemical Company, Columbus, Ohio. 
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This procedure is repeated twice and the ceric sulfate is then 
dried in air at room temperature and stored in the refrigerator. 

18 wn sulfuric acid (Merck or Mallinckrodt, c.p. analytical 
reagent, low nitrogen). Concentrated sulfuric acid is poured 
slowly into redistilled water in the proportion of 17 cc. of acid to 
20 cc. of water to make 34 cc. of solution. The sulfuric acid 
has been found to be essentially iodine-free. Boiling the con- 
centrated sulfuric acid for several hours did not alter the blank 
appreciably. 

8 Nn sulfuric acid. 

1 m potassium carbonate solution. 

0.1 m sodium bisulfite solution. 

Oxalic acid solution saturated at 30°. 500 gm. of oxalic acid 
(Mallinckrodt) are dissolved by heating to 90° in 400 cc. of water. 
The hot solution is filtered through fluted Whatman No. | filter 
paper into a beaker and is stirred constantly while the beaker is 
chilled in ice water. The crystals are filtered by suction on a 
Whatman No. 42 filter paper in a Buchner funnel and are washed 
five times with chilled water. The crystals are kept in the dark 
at room temperature in a brown bottle with sufficient water to 
make a saturated solution, saturation being insured by a residue 
of undissolved acid. Just before use the solution is heated to 
approximately 30°. 

0.75 n sodium nitrite solution, 1.3 gm. per 50 cc. This solu- 
tion should be made up at least every 2 weeks. 

5 M urea solution. 

1 per cent stabilized arrowroot starch solution. 10 gm. of 
arrowroot starch are rubbed up with a little water and poured, 
with stirring, into 1000 ce. of boiling water. The solution is 
removed from the flame at once and allowed to cool. 1 gm. of 
salicylic acid is added as a preservative. The solution will keep 
indefinitely in the refrigerator but should be centrifuged 
before use. 

0.2 per cent potassium iodide solution. This must be freshly 
prepared daily. 

0.001 wn sodium thiosulfate solution. Approximately 26.5 
gm. of sodium thiosulfate are diluted to 1000 cc. and the solu- 
tion is allowed to stand for 2 weeks in order that sulfur may be 
precipitated. This stock solution (approximately 0.1 N) keeps 
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well if stored in the dark. The dilute solution, 1 part of stock 
solution made up with water to 100 ce., should be prepared not 
less frequently than once every 2 weeks and kept in the refriger- 
ator. It is standardized as follows: 2 cc. of 0.01 N biiodate solu- 
tion are pipetted into each of two titration flasks, 1 cc. of 1 per 
cent potassium iodide solution is added, and the flasks are cooled 
in ice water. 10 drops of 8 N sulfuric acid are added and the 
solution is immediately titrated with 0.001 Nn thiosulfate solution 
delivered from a 50 cc. burette calibrated at 0.1 cc. intervals. 
When the yellow color of free iodine has almost disappeared 
from the solution, 6 drops of 1 per cent starch solution are added 
and titration is continued to the disappearance of the blue starch- 
iodine color. The corrected titers of the two samples should 
check within 0.1 cc. The thiosulfate factor is obtained by 
dividing the theoretical titer (20.00 ec.) by the average of the 
observed titers. If the thiosulfate factor is too great, the con- 
centration of the stock solution should be adjusted by appro- 
priate dilution. 
0.1 Nn biiodate solution (39). 


Procedure 


Digestion—All determinations and blanks are carried out in 
duplicate. 14 gm. of recrystallized potassium permanganate, a 
small piece of copper, and approximately 10 mg. of ceric sulfate 
are mixed with 15 to 25 cc. of water in a digestion flask. While 
the mixture is shaken, 10 cc. of oxalated blood are added. 10 ce. 
of 18 Nn sulfuric acid are then introduced and the flask is again 
shaken vigorously. A violent foaming reaction takes place dur- 
ing which no more acid should be added lest the contents boil out 
of the flask. After approximately 5 minutes, when the reaction 
subsides, 200 cc. of 18 Nn sulfuric acid are added. Two large 
antibumps and a 200° thermometer are placed in the flask which 
is supported on an asbestos wire gauze, on a ring-stand. Heat 
from a Fisher burner is applied gently at first and the flask is 
shaken until boiling commences. Just before this point foaming 
occasionally is excessive and it may be necessary to stop heating 
momentarily and to add a little water from a wash bottle. As 
soon as the mixture is boiling steadily, no further shaking is 
necessary and the flame may be increased. Digestion is contin- 
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ued until a temperature of 195° is reached. The entire heating 
should take about 25 to 30 minutes. 

When the digest has cooled to below 100°, 150 cc. of 1.0 per 
cent potassium permanganate solution are added. The flask is 
reheated to 145° during about 15 minutes. Constant shaking 
is necessary during this reheating in order to prevent bumping. 
When the digest has again cooled to below 100°, the thermometer 
is washed with 25 cc. of water and removed. 

Distillation—The digestion flask is attached by means of the 
ground glass joint to the distilling apparatus. The receiving 
flask, containing 1.0 cc. each of 1.0 m potassium carbonate and 
0.1 m sodium bisulfite, is tilted so that the tip of the condenser 
dips below the surface of the fluid. Heat is applied until the 
temperature of the digest reaches 138-140°. Saturated oxalic 
acid solution is added through the dropping funnel slowly enough 
so that the rate of the evolution of carbon dioxide is moderate and 
the temperature does not fall below 135°. Complete reduction is 
indicated by decolorization of the digest, although a few minutes 
may be required for the last black specks to disappear. At least 
2 or 3 cc. of oxalic acid in excess should be added to insure com- 
plete liberation of the iodine. A greater excess is inadvisable for 
the reason that will be mentioned under “Oxidation.’’ Until the 
digest is completely reduced, continuous shaking is necessary to 
prevent bumping. While distillation is continued slowly, water 
is added from time to time through the dropping funnel to keep 
the temperature between 135-145°. About 170 cc. of distillate 
should be collected during at least 30 minutes. 

The receiving flask is provided with a small antibump. On an 
electric hot-plate or an asbestos mat over a Fisher burner the 
distillate is evaporated to approximately 20 cc. The antibump 
is washed down and removed and evaporation is continued more 
slowly to prevent spattering until the volume is 6 or 7 ce. 

Oxidation, Modified from Grodk (15)—The flask is placed in a 
shallow 70-80° water bath on a hot-plate and 8 drops of 0.2 M 
potassium permanganate solution are added. If the 8 drops are 
decolorized, more permanganate is added until a permanent purple 
color is attained. If too large an excess of oxalic acid was added 
during distillation, more permanganate is required. After 4 
minutes, 10 drops of 8 N sulfuric acid are added. Carbon dioxide 
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from the carbonate is evolved but the purple color should persist. 
After 4 more minutes the flask is removed from the water bath 
and 0.75 N sodium nitrite solution is added dropwise with con- 
stant shaking until the solution is water-clear and no specks of 
manganese dioxide remain. 1 drop of nitrite is added in excess 
and the sides of the flask are carefully washed by rotating the 
flask. 2 drops of 5 M urea are added at once and the sides of the 
flask are again carefully washed. The addition of the nitrite and 
urea should take about 1.5 minutes. The flask is replaced in the 
water bath until the solution comes to a volume of about 2.0 
cc. Estimation of the volume is facilitated by the use of a spe- 
cial flask provided at the base with a short side arm calibrated at 
2.0 ec. (see D in Fig. 1). 

Titration—The flask is chilled in ice water and a drop of 1.0 
per cent stabilized starch solution is added. 0.06 cc. of freshly 
prepared 0.2 per cent potassium iodide solution is pipetted into 
the solution and mixed by rotating the flask. Titration is effected 
with 0.001 N sodium thiosulfate solution delivered from a Rehberg 
microburette. When the blue starch-iodine color has almost 
disappeared, the flask is again chilled in ice water. As the end- 
point is approached, not more than 0.0005 to 0.0008 cc. of thio- 
sulfate should be added at once. A comparison flask containing 
2 ce. of water and a drop of starch facilitates accurate estimation 
of the end-point. During addition of thiosulfate the tip of the 
microburette should dip below the surface of the solution which 
is being titrated. 

Blank—The technique for determining blanks is essentially the 
same as that used for blood except in two respects. The quantity 
of oxalic acid should be similar to that required in an analysis of 
blood. Therefore the original digestion must be prolonged to 
attain a degree of reduction of the permanganate equivalent to 
that which occurs with blood. Iodine must be added after evapo- 
ration of the distillate because the value of the blank is so small 
that accurate titration is impossible. 

15.5 gm. of permanganate, about 20 cc. of water, a piece of 
copper, approximately 10 mg. of ceric sulfate, and 210 cc. of 18 N 
sulfuric acid are mixed in the manner described for blood. The 
same amount of anticoagulant as that used for one aliquot of 
blood should be included. The digest is heated to 195°, allowed 
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to cool below 100°, and after the addition of 100 cc. of water is 
reheated to 195°. 85 cc. of water are used to wash the thermom- 
eter. Distillation and evaporation of the distillate are carried 
out as in the blood method. Before oxidation of the 7 cc. of dis- 
tillate with permanganate a small accurately measured quantity 
of biiodate solution is added to each flask. (0.5 cc. of 0.00005 
n biiodate is convenient.) On the same day it is advisable to 
perform contro] titrations on the same amount of iodate added 
to a mixture of 1 cc. of 0.1 m sodium bisulfite and 1 cc. of 1.0m 
potassium carbonate and carried through the final oxidation and 
titration processes. 

The value of the blank is the difference between the titers of the 
control iodate samples and of the distillate to which iodate was 
added. It does not exceed 0.0050 cc. of 0.001 N thiosulfate if the 
reagents have been carefully repurified. 


Discussion of Method 

The reactions in which iodates are formed by the action of 
permanganate on compounds of iodine have been studied by 
many investigators (4, 6, 14, 15, 29, 34, 40, 42, 48, 49). They 
have worked in alkaline, acid, and neutral solutions. Whether 
iodine oxides would be formed quantitatively in an acid per- 
manganate solution without interreactions with the chlorides 
and bromides normally present in blood was a problem. How- 
ever, Grodk had shown that bromine is volatilized when sulfuric 
acid and permanganate are boiled with bromides (14). During 
an iodine determination, as outlined in the procedure, a strong 
odor of halogens may be noticed after the addition of the sulfuric 
acid to the mixture of permanganate, catalysts, and blood. 
That no iodine is volatilized at this point is demonstrated by the 
recovery experiments. It seems justifiable to assume that there 
is no contamination from chlorides and bromides, because our 
values for iodine are such minute fractions of the amounts of these 
halogens in normal blood. Furthermore the normal range of 
blood iodine determined by this permanganate method agrees 
with the low values of other investigators, as will be discussed 
later. 

Leipert (18) suggested ceric sulfate as a catalyst in his original 
chromic acid ashing method and copper is widely used to catalyze 














D. 8. Riggs and E. B. Man 203 


digestion in the Kjeldahl method. The results of a few analyses 
of blood with and without the catalysts did not differ significantly, 
but enough experiments have not been performed to prove 
whether the catalysts are essential for the determination of iodine 
in substances other than blood. 

It is exceedingly important to use dilute (18 N) sulfuric acid. 
Concentrated (36 N) sulfuric acid must not be used, because the 
concentrated acid reacts with permanganate, even in aqueous 
solution, to liberate dangerously explosive purple fumes of highly 
oxidized manganese compounds (29). 

The second digestion with 1 per cent permanganate solution 
may not be essential, because in several instances in which this 
heating was omitted the results were identical with those from 
samples of blood heated twice. However, some decomposition 
products of organic material are liberated during the second heat- 
ing. Also, in the distillation process, reduction with oxalic acid 
solution proceeds more smoothly if the digest has been reheated 
with 1 per cent permanganate. 

During distillation it is extremely important that reduction 
should occur at a temperature above 135° and that distillation 
after the initial addition of the oxalic acid be continued for at 
least 30 minutes. When these specifications were not meticu- 
lously followed recoveries of iodine were low. Tests for carbon 
monoxide in the gas liberated during distillation with oxalic acid 
were negative. 

Since the accuracy of the starch-iodine titration is influenced 
by a great many factors, consistent results depend very largely 
on maintaining constant conditions of titration. Some of these 
factors merit brief discussion. The acidity of the solution must 
be maintained within fairly narrow limits (5, 8, 33, 35, 52). 
Too small a concentration of acid gives low titers, while a large 
excess gives slightly high values. An acidity of approximately 
0.6 N in the solution to be titrated has been found satisfactory. 
The use of phosphoric acid as recommended by Grodk (15) and 
Matthews and associates (23)? results in a slow development of 
the starch-iodine color and erroneously high titers. The amount 
of potassium iodide added before titration must be carefully 
controlled (1, 5, 10, 35, 43, 50). In the presence of the large 
amount of salts in the solution after the Grodk oxidation, a large 
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excess of potassium iodide results in a purple or reddish violet 
starch-iodine color and an indefinite yellowish end-point. If, 
on the other hand, an insufficient amount of iodide is added, the 
iodide-iodate reaction does not go to completion and titers are 
low. For amounts of iodate iodine up to 2 y, 0.06 cc. of 0.2 per 
cent potassium iodide solution is satisfactory. It is important 
to cool the titration flasks in ice water before, and at intervals 
during, titration because the sensitivity of the starch indicator 
varies inversely with the temperature (44).2 The source of light 
should be of constant strength and not bright enough to produce 
eye fatigue. A small Eastman x-ray illuminator with a sheet of 
thin white paper across the screen to soften the light has been 
extremely serviceable. The maximum depth of color is seen if 
the receiving flask is held at an angle so that the solution forms a 
shallow pool. 

Even under the most favorable conditions the starch indicator 
is never sufficiently sensitive to produce a visible color with mi- 
nute traces of iodine. Therefore a small amount of iodine will re- 
main untitrated when the starch-iodine color disappears at the 
observed end-point. Since this amount varies directly with the 
volume of the solution, it may be necessary to add a small volume 
correction to the observed titer (1, 10, 16, 23, 30, 35, 43, 44). 
It is advisable for each investigator to determine the correction 
independently, by comparing observed and theoretical titers of 
known iodine solutions. In this laboratory a volume correction 
of about +0.02 y (equivalent to about 0.0010 cc. of 0.001 Nn 
thiosulfate) per cc. of final volume has been employed. 

It seems scarcely necessary to stress the importance of avoiding 
sources of iodine contamination when such small quantities of 
iodine as are present in blood are being determined. Tincture of 
iodine should never be used in preparing the skin for venipuncture, 
nor should it be used by any of the laboratory workers. Extreme 
care should be exercised to keep hands and clothing free from 
iodine-containing solutions which might inadvertently be trans- 
ferred to apparatus or reagents. All bottles of chemicals which 
might liberate free halogens should either be kept securely stop- 
pered or removed from the laboratory. 

The amounts of the reagents used must be varied in proportion 
to the quantity of blood to be analyzed. The following formulae 
express the quantities required. 
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Gm. of KMnQ, = 1.2 (ec. of blood) + 2. (Decolorization 
during digestion indicates that the amount of permanganate was 
not sufficient and results in a low recovery of iodine.) 

Ce. of 18 Nn H.SO, = 13.3 (total gm. of KMnO, used). (It 
is especially important to use sufficient 18 N sulfuric acid, since, 
if less than the indicated quantity is used, a white precipitate 
forms during distillation and causes bumping.) 

Ce. of 1 per cent KMnO, = approximately 10 ec. per gm. of 
KMn(, originally used but this amount must never be less than 


100 ce. 
Ce. of H,O after the second heating = 1 ce. per 8 cc. of 18 N 


H,S0,. 
Calculations 


T = observed titer corrected for burette calibration, thiosulfate 
factor, and volume correction. 

Bl = titer of blank corrected for burette calibration, thiosulfate 
factor, and volume correction. 

0.0473 = cc. of 0.001 N thiosulfate equivalent to 1 y of iodine. 


EXPERIMENTAL 


The permanganate method has been tested by analyzing vari- 
ous iodine compounds added to the reagents with and without 
blood, as shown in Tables I and II. Although individual recover- 
ies ranged from 79 to 118 per cent, the average percentage re- 
coveries of two or more check determinations lay between 89 
and 103 per cent. 90 per cent of the 59 recoveries reported lay 
between 88 and 105 per cent. The average for the whole group 
was 95 per cent. The average error of the permanganate method, 
as shown by these experiments, is 6.5 per cent. As may be seen 
from the summary in Table II, recoveries were as satisfactory 
when the iodine was organic in form as when potassium iodide 
wasadded. In many of these experiments the iodine was added to 
blood which was also separately analyzed for its iodine content. 
The recoveries thus obtained by difference were as adequate as 
when the iodine compounds were digested with the reagents 
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alone. Prolonging the digestion by holding the digest at a 
temperature of 180-195° for half an hour did not increase the 


TaBLe [ 


Recoveries of Inorganic and Organic Iodine Analyzed Separately and after 
Mixing with Blood 


| | 








| | " | 
No, of — ———-—-———— _ | Total | Tedine 
analy- | | | Blood | iodine | ,/2 Recovery of 
ses As | i | found peony | added iodine 
|v i}@m] ¢ y | ¥ | percent 

12 | KI 0.25 | | 0.24 | (0.24 | 96 
12 | “ (0.50 0.48 0.48 | 96 
3 | “ 0.50; 10 | 0.76 | 0.28 | 0.48 | 96 
3 | * (1.00 10 1.25 | 0.30 | 0.95 | 95 
3 | Thyroxine | 0.37 | 10 | 0.73 | 0.35 | 0.38 | 108 
3 as 1.61) 10 | 1.87 | 0.41 | 1.46 | 91 
3 ee 1.61) 10 1.84 | 0.33 1.51 94 
3 e 2.48; 10 | 2.74 | 0.41 | 2.33 | 94 
2 | Iodo-horse-albumin*) 2.11 2.04 | 2.04 | 97 
2 ee *| 3.04! 10 | 3.13 | 0.33 | 2.80 92 
2 | “T’’ peptone* | 2.70 2.43 2.43 90 
eh o ¢ | 3.89 8.8, 3.77 | 0.29 | 3.48 | 8 
or * «¢ 1.79 1.67 1.67 93 
3 es oe °@ 1.61 10 1.80 | 0.31 1.49 98 
4 | “T’’ peptide* 0.71 | 0.73 | 0.73 | 108 


' 
| 
| 
| 





* These compounds were kindly supplied to us by Dr. W. T. Salter (21), 
Harvard Medical School. 


Taste II 
Average Recoveries 
| 























| Without blood With blood | Total 
| setae RP tee 
| No.of | | No.of | . No. of | 
| enehans mend a. Le Recovery | enaleees | Banoweer 
: | | percent | per cent | | per cent 
Inorganic............ | 24 | % | 6 | 96 30 96 
AE 10 97 19 | 94 29 | 95 
— | oo 5 -| ——_———— 
| ee | 3 | 9 | 2 | o | 50 | % 








yield of iodine. It is highly unlikely that any iodine compounds 
appearing in blood would be more difficult to digest than thyroxine 
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or Lerman and Salter’s (21) synthetic iodized protein and its 
split-products. Average recoveries were somewhat more satis- 


Tasie III 
Normal Blood Iodine Values by Various Methods 


Subjects with normal thyroids 
Investigator | Year 1 7 











No. of | Maxi- | Mini- | Aver- 


| cases mum mum age 











| | job cc. | 100 cc. | 100 cc. 
Alkaline ashing! Veil and Sturm (53) | 1925| 36 | 20.0/10.0 | 12.8 

| Orr and Leitch (31) | 1929 16 | 10.0/ 4.0 | 6.0 

| Fowweather (12) | 1930} 13 | 5.2| 3.6 | 4.8 

| Davis, Curtis, and Cole | 1934 | 28 | 16.2| 8.5 | 11.9 

(7) | 

| Perkin and Cattell (36) | 1996 | 114 / 12.0% 1.5 | 6.8 

| McCullagh and McCul-| 1936 12.0 | 8.0 | 10.0 

| lagh (28) 





Grauer and Saier (13) | 1939 9 





| 
Closed combus-|) Baumann and Metzger | 1932 | 10.0 | 8.6 | 9.6 


tion methods | (2) 
| McClendon and Brat- | 1938 | 








14.0 | 2.0 
ton (26) | 
Chromic acid | Leipert (19) 1934 | 40 | 17 9 13 
ashing Stevens (50) 1937 | 15 6.9 | 3.3 4.8 
Baumann and Metzger | 1937 | 20 44/23) 3.0 
_ (3) 
| Fashena (9) 1938 | 79t | 12.0; 3.0 | 6.6 
| Matthews, Curtis, and | 1938 4.0 
| Brode (23) 
| Grauer and Saier (13) | 1939 9 4.5 | 2.2 3.2 
Permanganate | Riggs and Man 1940 | 20 3.7; 2.5 | 3.1 
ashing 
method 














* In 1938 Perkin and Lahey say, ‘10 micrograms of iodine per hundred 
cubic centimeters of whole blood is considered to be the upper limit of 
normal’’ (37). 

t Children from birth to 13 years old. 


factory when the amount of iodine added did not exceed 2.0 y. 
With larger amounts cf iodine it is probable that the small quan- 
tity of potassium iodide added before titration is not quite suffi- 
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cient to force the iodide-iodate reaction to completion (35). 
Although the percentage error remains relatively constant for 
varying amounts of iodine, the absolute error (expressed in y) is 
much less when the amount of iodine to be analyzed is small, as 
in 10 ce. of blood. 

A summary of the duplicate determinations of the blood iodine 
of ten normal male and ten normal female subjects is presented 
at the end of Table III. The average difference between dupli- 
cates was less than 0.2 y per cent. The average blood iodine for 
the whole group was 3.1, with extremes of 2.5 and 3.7 y per cent. 
The averages for the males and females were identical, 3.1 y 
per cent. However, when the number of our normal subjects 
is increased and when the analyses are continued throughout the 
year (most of our determinations were made in the fall and win- 
ter months), it is probable that the range of our normal values 
will be somewhat increased. 


DISCUSSION 


This permanganate distillation procedure gives iodine values 
in blood which agree with the low quantities found by some 
previous investigators. These values are presented in Table III 
together with a small selection of the results obtained by various 
alkaline ashing methods. Fowweather (12), Grauer and Saier 
(13), Stevens (50), Baumann and Metzger (3), and Matthews, 
Curtis, and Brode (23) report average blood iodines from 3.0 to 
4.8 y per cent, which agree closely with our average value of 3.1 y 
per cent. Our maximum blood iodine is the lowest in Table III. 
This may be related to the fact that our normal subjects have been 
exceptionally careful to avoid any contact with iodine before the 
blood was taken. Perkin et al. (38) have reported that two sur- 
geons who of necessity were exposed to iodine had blood iodines 
over 10 y per cent. 

Of the nine average values in Table III which far exceed our 
average seven were obtained by some alkaline ashing method. 
Baumann and Metzger (3) and Trevorrow (51) have discussed the 
errors which give high results in the alkaline ashing methods. 
They state that after alcoholic extraction of iodine some organic 
material or a polymer from the alcohol in contact with alkali 
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interferes in the final titration and reacts with the thiosulfate to 
give high titers. Furthermore, the alkaline reagents are apt to 
include iodine impurities. In fact Perkin (35, 36) employsa blank 
of 0.2 y of iodine. This is more than the minimum of 0.15 y 
which he found in a 10 cc. aliquot of normal blood. Whatever 
the sources of error are, it is significant that Baumann and Metz- 
ger (3) and Curtis and his associates (23) did not corroborate 
their high values obtained by alkaline ashing methods when they 
changed to acid ashing procedures. However, Grauer and Saier 
(13) found almost identical average low values, 3.0 and 3.2 7 
per cent, when they compared alkaline and acid ashing methods. 
Of the values determined by the chromic acid ashing procedures 
only those of Leipert (19) and Fashena (9) exceed those obtained 
by our permanganate method. Leipert’s use of arsenious acid 
as a reducing agent has been thought to give a “variable positive 
error” (51, 52). It is difficult to compare our results on normal 
adults with those of Fashena who worked with children from 
birth to 13 years in age and who has experienced difficulties with 
iodine contamination.’ When the published criticisms of the 
alkaline ashing and Leipert’s methods are considered, credence 
must be given to the low values for blood iodine of Stevens (50), 
Baumann and Metzger (3), Matthews, Curtis, and Brode (23), 
and Grauer and Saier (13). The iodine content of blood as de- 
termined by the permanganate method agrees closely with these 
low results. 


SUMMARY 


A method is described for the determination of iodine in blood. 
The blood is ashed with permanganate and sulfuric acid and the 
iodine is distilled from the digest after reduction with oxalic 
acid. The iodine in the distillate is oxidized to iodate by per- 
manganate, the excess permanganate is reduced, and the iodate is 
titrated with thiosulfate after the addition of potassium iodide. 

In 59 experiments inorganic and organic iodine has been re- 
covered with an average error of 6.5 per cent. The average 
recovery for all experiments was 95 per cent. 

The average blood iodine of ten normal male and of ten normal 


*Fashena, G. J., personal communication. 
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female adults was 3.1 y per cent. These results are compared 
with those of other investigators. 


Professor Edwin F. Gildea of the Department of Psychiatry 
and Professor John P. Peters of the Department of Internal 
Medicine have given encouragement and invaluable advice and 
assistance throughout the course of this investigation. 
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IDENTIFICATION OF THE RICE FACTOR 
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of California, Berkeley, and the Research Laboratory, Golden State 
Company, Lid., San Francisco) 


(Received for publication, March 6, 1940) 


For some time (1, 2) there have existed indications that polished 
rice contains a chick growth factor not present in any significant 
amounts in yeast. Recently (3), it has been shown with a more 
complete diet that polished rice has a growth-promoting effect 
which cannot be provided by levels of dried yeast up to 15 per 
cent of the ration. 

It is our purpose to present results of further investigations of 
the “rice factor’’ which have led to the identification of its com- 
ponents in pure form, or at least in the form of pure active sub- 
stitutes. 

Methods and Results 


The basal diets used in this work have varied in minor details, 
since the work has proceeded simultaneously in both laboratories. 
Essentially, the diets have contained casein 30 per cent, or water- 
washed sardine meal 24 per cent, yeast 10 per cent, wheat germ 
oil or soy bean oil 3 per cent, adequate levels of all the mineral 
elements, fish oil to supply vitamins A and D, and glucose or 
starch and sucrose to make up the balance. Single comb white 
Leghorn chicks were used as test animals and kept in metal, 
electrically heated, battery brooders. Experimental periods ex- 
tended for 2 weeks or more. 

In tests with the sardine meal diet, it was noted that growth was 
markedly increased when the pure carbohydrates were replaced 
by polished rice. However, the addition of dried cartilage to the 
basal diet also accelerated growth, indicating that cartilage pos- 
sessed a growth factor similar to that in polished rice. 
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In later experiments with the principal components of cartilage, 
it was observed that both chondroitin and gelatin increased the 
gains made, but only partially, and that glycine, the principal 
amino acid in gelatin, could serve as well as the gelatin, indicating 
that the other amino acids of gelatin played no considerable part 
in the growth effects noted. It was then found that gelatin or 
synthetic glycine in combination with chondroitin! could cause a 
rate of growth equal to that observed in chicks on a cartilage-sup- 
plemented diet or on a rice-supplemented diet. These experiments 


TaBie I 
Influence of Various Supplements to ‘‘Rice Factor’’ Basal Diet 




















Fish meal basal diet Casein basal diet 

Supplement* | Basal | | Basal 

tor | Net | st | teva | et | 

per cent | | per cent per cent per cent 

None | 15 | 100 | 6 100 

Glycine 2.0 15 103 aT 2 100 

Chondroitin 256 | 16 | li2 3.0 7 100 

Gelatin 5.0 1 | 109 3.0 7 103 

Glycine + 20 | 6 129 1.0 s 159 
Chondroitin 2.5 3.0 

Gelatin + | §.0 15 143 3.0 7 162 
Chondroitin 2.5 | 3.0 

Cartilage, dried | 5.0 1 =: 145 6.0 7 «| «16 











* All supplements were used in replacement of an equal quantity of 
carbohydrate. 





were then confirmed with a basal diet containing casein instead of 
sardine meal. Similar results have been obtained repeatedly in 
both laboratories. Typical data are given in Table I. 

Arginine failed to increase the growth of chicks fed the basal 
diets plus glycine and chondroitin. Evidently, these basal diets 
were not deficient in arginine. Chicks fed practical rearing diets 
concurrently have shown essentially the same rate of gain as 
those on the most favorably supplemented experimental diets. 


'The growth-promoting effect of the chondroitin preparation was not 
altered by further purification according to the lead salt procedure de- 
scribed by Hawk and Bergeim (4). 
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DISCUSSION 


Our investigations have shown that the “rice factor’ can be 
identified with, or at least replaced by, a mixture of glycine and 
chondroitin. Either of these added to the sardine meal basal 
ration, which undoubtedly contained small amounts of both, 
usually increased growth slightly but the greatest restoration of 
growth was produced by a combination of the two supplements. 
It is evident that each is a distinct growth factor for the chick. 
A casein basal diet, which apparently contains less of both glycine 
and chondroitin, permits little or no increase of growth when 
either is added alone, but when combinations or sources of both 
are added growth is markedly accelerated. 

In respect to chondroitin, our results confirm the conclusions of 
Robinson, Gray, Chesley, and Crandall (5) that this substance is 
(or contains) a growth factor for the chick. In respect to glycine, 
our results indicate for the first time that this amino acid is re- 
quired in the diet for optimum growth of the chick. Further 
experiments will be needed to decide on the degree of the essential 
nature of glycine for the chick. These results with glycine are 
striking because of the generally accepted view that glycine is 
not an essential amino acid for the rat (6). 

Attempts to employ glycine at levels higher than 1 per cent 
have not produced better growth. Levels higher than 2 per cent 
have given some evidence of greater mortality and a detrimental 
effect on growth. This is possibly allied with the toxic effect of 
glycine at high levels described by Patton (7). 

Hegsted, Oleson, Elvehjem, and Hart (8) have reported on a 
growth factor in cartilage and rice which was capable of increasing 
the growth of chicks. Their basal diet was composed of casein 
18, dextrin 64, soy bean oil 5, brewers’ yeast 5, liver extract 3, 
vitamin A and D concentrate, and minerals. In contrast to 
cartilage and rice, chondroitin, edestin, and arginine, fed sepa- 
rately, were without effect. The basal diet used by these workers 
was deficient in chondroitin, glycine, and probably arginine (9, 10); 
hence supplements which did not provide all of these factors 
failed to increase growth. 


We wish to acknowledge donations of chondroitin and dried 


cartilage by The Wilson Laboratories, Chicago, through the kind- 
ness of Dr. David Klein. 
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216 Identification of Rice Factor 


SUMMARY 


Glycine is required in the diet for optimum growth of the chick. 
When adequate glycine is present in the diet, chondroitin has a 
growth-promoting action on the chick. A combination of gly- 
cine and chondroitin can replace the “rice factor.”’ 
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VARIATIONS IN THE BLOOD CALCIUM AND PHOS- 
PHORUS WITH THE AGE OF THE DOG* 


By H. D. ANDERSON anp C. A. ELVSHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, March 11, 1940) 


In a larger experiment designed to compare the nutritive values 
of commercially available milks, calcium and inorganic phosphorus 
determinations on the dog blood were included as part of the 
routine examination. 

A progressive fall in the level of inorganic phosphorus of the 
blood of the puppies during the period of rapid growth raised the 
question whether this was a normal trend or one aggravated by 
a nutritional deficiency. Surveys of the literature showed no 
data which would correlate the levels of inorganic phosphorus 
with the age of the dog, so the following experiment was designed 
to determine the natural trends and to compare them with those 
obtained in a moderate vitamin D deficiency. 


EXPERIMENTAL 


Weanling fox-terrier pups were employed in the major part of 
the study. Occasional analyses were made on growing pups from 
Airedale, great Dane, bull-terrier, and mongrel strains for com- 
parison. The rations employed were for the most part mineralized 
milk.' Raw, pasteurized, and evaporated milks were used but 
since no significant difference occurred between these groups, with 
regard to the calcium and phosphorus levels, no distinction will 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

This work was supported in part by a grant from the Works Progress 
Administration. 

1 The daily supply of minerals included 5 mg. of iron as the pyrophos- 
phate, 1 mg. of copper as the sulfate, 1 mg. of manganese as the chloride. 
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be made between them in this report. The other ration employed 
was a commercial dog food which has given satisfactory growth 
and reproduction. 

The animals were kept in a pen of galvanized iron wire, on a 
dry concrete floor which was covered with shavings. They were 
fed twice daily in earthen jars which were raised above the floor 
to prevent waste and contamination. Supplements were added 
to a small amount of milk for the morning ration. The evening 
supply was large enough to insure ad libitum consumption. 

Calcium and phosphorus determinations were made on the tri- 
chloroacetic acid filtrate of blood as described by Elvehjem and 


TaBLe | 
Increase in Blood Inorganic Phosphorus of Dogs, Due to Acid Hydrolysis 








Time Inorganic P Increase 

hrs. mg. per cent mg. per cent per cent 

0.25 3.05 

2.0 3.17 0.12 3.9 

3.0 3.21 0.16 5.2 

5.0 3.28 0.23 7.6 

6.0 3.35 0.30 9.8 

7.0 3.40 0.35 11.5 
3.63 0.58 19.0 





Kline (1). The blood was drawn from the jugular vein and dis- 
charged directly into the trichloroacetic acid. The phosphorus 
determinations were made with an Evelyn photoelectric colori- 
meter. 

Preliminary surveys of the analytical procedure indicated two 
factors which might introduce errors in the results—the diurnal 
variation, and the increase of inorganic phosphate in the filtrate 
due to acid hydrolysis. 

Shortly after a dog consumed milk, the inorganic phosphorus 
was found to increase as much as 30 per cent; otherwise the diurnal 
variation was practically negligible. The animals were therefore 
bled approximately 5 to 6 hours after the morning feeding and 
in relatively the same order. 

Table I shows typical data for the increase of inorganic phos- 
phorus due to hydrolysis in the trichloroacetic acid. All of the 
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readings reported here were made within 3 hours after bleeding; 
hence the error due to hydrolysis is probably no greater than 5 
per cent, and in most cases considerably less. Bleeding the 
animals in the same order would also serve to make these errors 
constant; thus the data would serve well for establishing the 
general trends due to the maturation of the animals. 
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Fig. 1. Effect of vitamin D following vitamin D deficiency. The heavy 
curve = body weight, light curve = level of inorganic phosphorus in blood, 
dotted curve = level of calciumin blood. A = estrus, B = parturition, 
C = 30 v.s.P. units of vitamin D per day, D = 125 units of vitamin 
D per day. 


In the attempt to produce a moderate vitamin D deficiency, 
five dogs (three females and two males) were placed on the min- 
eralized milk rations with no additional source of vitamin D. 
After 42 weeks (Fig. 1) the low level of inorganic phosphorus 
suggested that they might be suffering from a moderate vitamin 
D deficiency. At this time the dogs were supplemented with 30 
U.8.P. units of vitamin D per day as cod liver oil. The results 
with Dog 1 shown in Fig. 1 are quite typical of all the dogs. The 
rise in inorganic phosphorus of the blood of all five of the animals 
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following the administration of cod liver oil confirms the belief 
that a slight deficiency of vitamin D existed. 

Following the initial response to the cod liver oil the level of 
inorganic phosphorus again decreased and now the level of the 
cod liver oil was increased to supply 125 v.s.P. units of vitamin D 
per day. Again a rise was obtained but again there was a rather 
rapid return to the original level, in spite of the continued ad- 
ministration of the cod liver oil. 
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Fig. 2. Effect of vitamin D on dogs receiving adequate vitamin D since 
weaning. The heavy curve = body weight, light curve = level of inorganic 
phosphorus in blood, dotted curve = level of calcium in blood. 
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These results are typical of all five dogs of the original series. 
Each showed a temporary response which gradually subsided. 
In several cases, after the administration of cod liver oil, the 
inorganic phosphorus showed an initial drop, while the calcium 
rose sharply (in one instance reaching 14 mg. per 100 cc. of blood). 
These effects then gave way to the more general trends shown in 
Fig. 1. Although we have not ruled out the possibility of ad- 
ditional factors in the cod liver oil which might have influenced 
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of the results, the majority of the results indicate that vitamin D 
was the primary factor concerned. 
of Fig. 2 presents data obtained from dogs receiving adequate 
e vitamin D from weaning. Dog 9 received 125 v.s.P. units of 
D vitamin D per day as cod liver oil in addition to mineralized milk. 
+ . Dog1l received the commercial dog food. Here again the general 
|. trend in the level of inorganic phosphorus was downward as the 
dogs developed. 
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Fic. 3. Changes in blood of dogs from birth to2 years of age. The heavy 
e curve = body weight, light curve = level of inorganic phosphorus, dotted 
¥ curve = level of calcium. 





In Fig. 3 data obtained from approximately twenty dogs during 

| the period of rapid growth are summarized; after the Ist year 

the data are based on only five dogs. The inorganic phosphorus 

, decreases, following a rather smooth curve. Levels as low as 

1 | 22mg. per 100 cc. of blood have been observed, with no apparent 

; ill effects to the dog. In general, however, the normal range for 

. | the mature dogs appears to lie between 2.6 and 4.0 mg. per 100 cc. 
of blood. 


| The calcium levels in all the animals were highly variable but 
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in general when a sharp drop occurred in the inorganic phosphorus, 
there was a simultaneous rise in calcium. Over the 2 year period, 
however, the general trend seemed to be downward. 

Partition of the phosphorus of the blood from the original five 
dogs is summarized in Table II. The data are not complete 
enough to warrant definite conclusions but it would appear that 
the decrease with the age of the animal is not peculiar to the 
inorganic fraction but may take place in the other fractions as well. 

The decrease in the inorganic phosphorus of the blood as the 
dogs become mature suggests a relationship between the actively 
metabolizing tissue and the level of blood phosphorus. The 
correlation does not exist to the same degree in the actively metab- 
olizing tissues of pregnancy. Among the seven pregnancies so 














TaBLeE II 
Phosphorus Partition of Whole Blood in Dogs 

Age Total P pew tiny Inorganie P 
wks. | mg. percent | mg. per cent mg. per cent 

80 High 49.5 33.3 4.8 

Low 38.4 15.4 2.2 

_ Average 45.1 24.4 3.9 

120 High 40.0 21.8 3.4 

Low 38.5 18.0 2.5 

Average 39.2 19.7 2.8 


far observed there was only a slight rise in inorganic phosphorus, 
which sometimes continued throughout the lactation period. 

Since many of the existing data for inorganic phosphorus were 
based on analyses of serum, comparisons were made between the 
inorganic phosphorus of serum and whole blood. Results of 
thirty such determinations showed that a conversion factor of 
1.4 would give an approximate value for both serum calcium 
and serum inorganic phosphorus when multiplied by the values 
obtained on whole blood. 


DISCUSSION 


From the data presented it is apparent that mature dogs have 
a distinctly lower level of inorganic phosphorus than do young 
growing dogs. Such a condition has been noted in sheep (2), 
and in cattle (3) especially during the suckling period. In non- 
suckling calves the levels appear to be only moderately higher 
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than in the adults. In dogs, however, we have shown this decrease 
to be a progressive one, extending well into the 2nd year of the 
animal’s life. 

Results of the phosphorus partition of the blood indicate that 
our data compare favorably with those of other investigators 
(4,5). Since we obtained the same general trends on each of the 
rations employed, it appears that this is a normal condition. 

Cheymo! and Quinpuad (6) have reported a correlation between 
the calcium level of blood serum and the season of the year. 
Since the rises which they observed occurred in the spring and 
fall (at which time most of their dogs were in heat), they have 
suggested a correlation with the estrous cycle. Our ration is not 
comparable to the one they employed and therefore it is difficult 
to compare our data, but the rise from 10.8 to 11.3 mg. per 100 
ec. of blood which they report as significant would be well within 
the weekly variations obtained with our animals. 


SUMMARY 


1. The inorganic phosphorus of dog blood was found to decrease 
progressively throughout the growing period. 

2. A mild vitamin D deficiency was produced by feeding animals 
solely on mineralized milk. The administration of cod liver oil 
produced a rise in inorganic phosphorus and a fall in the level 
of calcium. 

3. The level of blood calcium was found to be highly variable 
on the rations which we employed. The ultimate trend in the 
level of calcium during the period of maturation was downward. 

4. Apparently the only correlation which could be made in- 
volving the calcium level was the sharp rise which occurred when 
there was a sharp fall in inorganic phosphorus. 

5. Since we obtained similar results using several different 
rations, it appears that these are normal trends for the dog. 
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THE SPECIFICITY OF CARBOXYPEPTIDASE 


By KLAUS HOFMANN* anp MAX BERGMANN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, March 18, 1940) 


All the information hitherto available with respect to the 
specificity of carboxypeptidase has been obtained by the use of 
crude enzyme preparations (1). Consequently, there still re- 
mains some uncertainty as to whether the previously reported 
hydrolyses of various synthetic substrates, attributed to the ac- 
tion of carboxypeptidase, are all due to the same enzyme. In- 
deed, Abderhalden and Abderhalden (2) have advanced the 
hypothesis that the hydrolysis of chloroacetyltyrosine and of 
similar halogen-acylated amino acids and peptides is attributable 
to an acylase different from the genuine carboxypeptidase. The 
latter is assumed to attack only those polypeptides in which the 
amino group is masked by a benzoyl or naphthalenesulfonyl 
group. 

The specificity of carboxypeptidase has now been reinvesti- 
gated by means of crystalline carboxypeptidase preparations 
obtained by the method of Anson (3). Some of the results of 
this investigation are reported in Table I. It will be noted that 
the amount of enzyme required for the hydrolysis of a substrate 
varies widely with the nature of the substrate. 

The carbobenzoxyglycyl derivatives of several amino acids 
may be compared first. While carbobenzoxyglycylglycine is 
hydrolyzed rather slowly in the presence of 0.5 mg. of enzyme 
N per ce., carbobenzoxyglycyl-l-alanine requires only 0.08 mg. of 
enzyme N per cc. for a rather rapid hydrolysis. Finally, the car- 
bobenzoxyglycine derivatives of l-phenylalanine and I-tyrosine 
are split in solutions containing only 0.3 y of enzyme N per ce. 

The carbobenzoxyglycyl derivatives of l-phenylalanine and 


* Fellow of the Rockefeller Foundation. 
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226 Specificity of Carboxypeptidase 


l-tyrosine are somewhat more sensitive toward carboxypeptidase 
than are the carbobenzoxy-l-glutamy! derivatives of these amino 
acids. 

In order to reinvestigate the significance of the terminal car- 
boxyl group, carbobenzoxy-l-glutamyl-l-phenylalanine and car- 
bobenzoxy-l-glutamy]-l-phenylalanineamide were subjected to 
carboxypeptidase action. The relative amounts of enzyme 
employed for the experiments with the amide and the free acid 
were about 1000:1. Nevertheless, the amide was found to be 
resistant to enzymatic action, while the acid was hydrolyzed 
quite rapidly. 
~ The typical substrates for carboxypeptidase do not contain 
any free amino group. It is therefore the more remarkable that 
a-hippuryl-e-carbobenzoxy-l-lysine is not split by carboxypep- 
tidase in contrast to the sensitivity of a-hippuryl-l-lysine. In 
this case, the peptide containing a free amino group is attacked 
by the enzyme. When the free amino group is masked, the pep- 
tide is rendered resistant toward the enzymatic action. 

l-Tyrosyl-l-tyrosine and glycyl-l-tyrosine are other substrates 
for carboxypeptidase that contain free amino groups. 

Benzoylglycylglycine is reported (1) to be resistant to the ac- 
tion of carboxypeptidase; however, it will be noted from Table I 
that when considerable amounts of the enzyme were employed, 
hydrolysis of this substrate could be effected. A still slower 
hydrolysis was found in the case of benzoyl-l-phenylalanine. 

The fact that carbobenzoxyglycyl-l-glutamic acid is split 
rather slowly by carboxypeptidase seems also to be worthy of 
mention. 

In the case of all the substrates hitherto subjected to the 
action of carboxypeptidase, the action of the enzyme has consisted 
in a splitting off of the amino acid residue bearing the terminal 


__ carboxyl group. 


Chloroacetyl-l-tyrosine is generally regarded as the typical 
substrate for carboxypeptidase and is therefore frequently used 
to identify and to estimate this enzyme (10). The use of chloro- 
acetyl-l-tyrosine for the estimation of carboxypeptidase is ac- 
companied by two disadvantages. During the enzymatic hy- 
drolysis free tyrosine crystallizes out, thus making the performance 
of a quantitative determination a difficult procedure. Of greater 
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Substrate 


Carbobenzoxyglycyl- 
glycine (4)* 

Carbobenzoxygl!ycyl-l- 
alanine (5) 


Carbobenzoxyglycyl-l- 
phenylalanine 


Carbobenzoxyglycyl-l- 
tyrosine (6) 

Carbobenzoxy-l- 
glutamyl]-/-phenyl- 
alanine (7) 


Carbobenzoxy-l- 
glutamyl-l-tyrosine (8) 


Carbobenzoxy-l- 
glutamyl-l-phenyl- 
alanineamide* 

a-Hippuryl-e-carbobenz- 
oxy-l-lysine (9)* 

e-Hippuryl-l-lysine 


l-Tyrosyl-l-tyrosine (8) 

Glycyl-l-tyrosine 

Benzoylglycylglycine 

Benzoy!-l-phenylala- 
nine* 


Carbobenzoxyglycyl-l- 
glutamic acid* 





TaBLe | 
Behavior of Synthetic Substrates toward Crystalline Carborypeptidase 





pH Time 


Carboxy- 
peptidase, 
3 times 
crystallized 
| 
ec, 
0.510 7.5 
0.083 7.3 
0.00037 7.3 
0.00037 | 7.7 
0.00037 | 7.4 | 
0.00037 | 7.4 
0.520 | 7.9 
| 
| 
0.520 | 7.4 | 
0.208 7.4 
0.072 7.5 
| 0.520 7.5 
0.645 7.5 
0.520 | 7.2 
0.520 T2081 
0.510 | 7.4 
7.5 


Chloroacetyl-l-tyrosine 





* Temperature 25°. 





t Tyrosine crystallization. 
t NH;-N, found 7.6 per cent. 
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Hydrolysis — 
e 2 Isolation of 
8 | 23 | products 
a | 
| 3 | Ge) 
BS a pee 
per | per | 
cent | cent | 
| 30 
jon 
| 66 
81 
102 
58 | 58 | Carbobenz- 
80 | 82 | oxyglycine 
87 
103 | 93 
| 37 | l-Tyrosine 
t | 
13 | 
| 19 | 
31 
| 37 | 
61 | 61 | 
| § | L-Tyrosine 
| 21 | 
| 36 
1 oe 
i 0 | 
| 5 
| 
| 8] 
| 8 
23 | Hippurie acid 
52 
79 
91 
7 
t | l-Tyrosinet 
ll | “oe 
| ft 
| (64 | Hippuric acid 
| 80 | 
| 20 
34 
12 | 
| 38 | 
1 | 




















ae a ene 














228 Specificity of Carboxypeptidase 


significance is the fact that the other hydrolytic product, the 
chloroacetic acid, has an inhibiting effect upon the enzyme (see 
Table II). Consequently, the splitting of chloroacety]-l-tyrosine 
by carboxypeptidase does not follow the course of a first order 
reaction. On the other hand, the hydrolysis of carbobenzoxy- 
glycyl-l-phenylalanine was found to accord rather closely with 


Taste II 


Inhibition of Crystallized Carborypeptidase by Chloroacetic Acid 
and Formaldehyde 


Hydrolysis 








ote | | te 
Substrate | "Fimes” | PH | pera- | Time | No |Chloro-) Form- 
| crystallized addi- | acetic 
tion  acid* | hydet 
mg. N per cc. <?. hrs. per cent per cent | per cent 
Chloroacetyl-l-phenyl- | 0.0039 7.2 | 40 3 a 
alanine (11) 24 5 
0.0039 7.5 | 25 1 25 10 13 
2 36 18 | 15 
3 | 47 | 4/17 
Carbobenzoxyglycyl- | 0.0720 7.3 40 3 73 2 
l-alanine 24-100 | O 
Carbobenzoxyglycyl- | 0.00037 7.4 40 3 83 0 
l-phenylalanine 24 94 4 
0.00024 7.6 25 1 1; 9 4 
2\2 | fie 
3 45 26 | 3 





* 0.05 mm sodium chloroacetate per cc. was added to the substrate solu- 
tion before the enzyme. 

t 0.2 ec. of 40 per cent formaldehyde (Merck) per cc. was added to the 
substrate solution before the enzyme. 

t This enzyme solution was kept in the ice box for several weeks previous 
to its use and thus had lost some of its activity. 


the kinetics of a first order reaction, as illustrated in Table IIL. 
The rate of reaction is approximately proportional to the enzyme 
concentration. 

In view of the foregoing, carbobenzoxyglycyl-l-phenylalanine 
represents a very suitable substrate for determinations of carboxy- 
peptidase activity. 1 carboxypeptidase unit may be defined as 
that quantity of enzyme which, when dissolved in 1 ml. of a solu- 
tion containing 0.05 mm of carbobenzoxyglycyl-l-phenylalanine, 
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under standard conditions' causes a hydrolysis with a reaction 
constant of K = 0.0020, where a is the initial concentration of 
substrate, a — z is the concentration of substrate at time ¢ (in 
minutes), and K = 1/t log a/(a — 2). 

The values reported in Table III demonstrate that our four 
times crystallized enzyme preparation had an activity correspond- 
ing to 6173 carboxypeptidase units per mg. of N. 1 unit was con- 
tained in about 1.1 y of our crystalline carboxypeptidase. 


TaBie III 
Hydrolysis of Carbobenzoryglycyl-l-Phenylalanine by Crystalline 
Carborypeptidase at 25° 





Carboxypeptidase, | 
lized ; 














; : -_ ae a 
week ed; | Time Hydrolysis | K 7; 3—,; 
mg. N per ce. min. per cent 
0.000097 60 15 0.0012 
120 | 28 0.0012 
180 40 0.0012 
0.000194 30 15 0.0024 
60 29 0.0025 
90 41 0.0025 
120 49 0.0024 
180 63 0.0024 
240 77 0.0027 
0.000388 30 32 0.0056 
60 53 / 0.0055 
90 | 68 0.0055 
120 77 0.0053 





* Estimated in 1 cc. samples by NH:-N determination. 


In studies of the stability of carboxypeptidase under various 
conditions, the enzymatic activity is usually tested at the begin- 
ning and at the end of each treatment. In tests of this kind it 
is essential to begin each experiment with an enzyme concentra- 
tion so low that a decrease of the enzyme concentration during 
the experiment must result in a decrease of the speed of the 
enzymatic hydrolysis. The initial enzyme concentration must 
be a different one for each synthetic substrate, because of the 


'See “Experimental.” 
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fact that the various substrates differ widely in their sensitivity 
toward carboxypeptidase. Failure to take this important factor 
into account may lead to erroneous conclusions. Abderhalden 
and Abderhalden (2) have found that a solution containing 1 per 


Taste IV 
Partial Inactivation of Crystalline Carborypeplidase 


Two solutions, A and B, of twice crystallized carboxypeptidase were 
kept at 40° and tested for activity by means of the hydrolysis of synthetic 
substrates at regular intervals in the usual manner. 








: Hydrolysis 
Experi- Initial ens Paine Sa 
yme . . —E - 
eat Substrate concentration | ;i5, at 40° ” During During 
1 br. at 40° 2 hrs. at 25° 











Solution A, 1.04 mg. N per cc. in m/3 disodium phosphate; pH 8.3 











mg. N per ce. Ars. per cent per cent 
1 Carbobenzoxy- 0.083 0 7.3 67 
glycyl-l-ala- 1: 46 
| nine 2 30 
2 Chloroacetyl]-l- 0.016 0 7.3 65 
tryptophane 1 | 38 
2 | 24 
3 | ” | 0.083 0 17.4) 86 
2 . ae 








Solution B,* 0.0243 mg. N per cc. in 5 per cent sodium chloride; pH 7.5 











4 | Chloroacetyl-I- 0.0049 0 | 7.6 45 
| phenylalanine | | 1 | | 29 
2 19 
5 | Carbobenzoxy- 0.00024 0 | 7.6 40 
| glycyl-l- | 1 | | 
_ phenylalanine | 2 | 14 
6 | . 0.0049 2 7.5 | 98 





* This enzyme solution was kept in the ice box for several weeks before 
its use and thus had lost some activity. 


cent of “carboxypeptidase,” when kept at 56°, became inactive 
toward 8-naphthalenesulfonylglycyl-l-tyrosine much sooner than 
toward chloroacetyl-dl-leucine. This finding was interpreted as 
indicating that the two substrates are split by two different 


enzymes. 
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It will be apparent from Experiments 1 and 2 of Table IV that, 
when the initial enzyme concentrations are adapted to the sensi- 
tivity of the substrates, no indication of an enzymatic inhomo- 
geneity can be observed. It will be noticed that at 40° the 
activities toward chloroacetyl-l-tryptophane and carbobenzoxy- 
glycyl-'-alanine are destroyed at about identical rates.2/ A com- 
parison of Experiments 1 and 3, however, shows that, when 
identical initial enzyme concentrations are employed for both 
substrates, the activity toward carbobenzoxyglycyl]-l-alanine 
disappears much more rapidly. In Experiment 3 the initial 
enzyme concentration represents a huge excess. 

In Experiments 4 to 6 the inactivation was effected under 
slightly different conditions. Chloroacetyl-l-phenylalanine and 
carbobenzoxyglycyl-l-phenylalanine were employed as substrates. 
When the appropriate initial enzyme concentrations were em- 
ployed, the rate of enzyme destruction was approximately the 
same for the two substrates; if identical enzyme concentrations 
were used for both substrates, as in Experiments 4 and 6, the ac- 
tivity toward chloroacetyl-l-phenylalanine appeared to be de- 
stroyed more rapidly. 

In the last analysis, all comparative enzyme experiments per- 
formed with the aid of simple substrates consist in a ‘comparison 
of reaction velocities. Therefore, the initial enzyme concen- 
tration must be sufficiently low so that the observed hydrolysis 
can be taken as a true expression of the quantity of active enzyme. 
Experiments 3 and 6 of Table IV and the previously discussed 
experiments of Abderhalden do not satisfy this condition, and 
therefore cannot be interpreted as indicating an enzymatic in- 
homogeneity of crystalline carboxypeptidase. 

With the use of various synthetic substrates, the action of 
formaldehyde upon carboxypeptidase has been studied. The 
experiments reported in Table II demonstrate that formaldehyde 
inactivates carboxypeptidase at 40° and also at 25°. 


The authors wish to express their thanks to Mr. Stephen M. 
Nagy who performed the analyses reported in this paper. 


* At 40° the destruction of carboxypeptidase proceeds more slowly than 
at 56°. 
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EXPERIMENTAL 


Carbobenzoryglycyl-l-Phenylalanine—To an _ ice-cold ethereal 
solution of l-phenylalanine ethyl ester (prepared from 3.8 gm. of 
the hydrochloride) there were added, in two portions, 3.8 gm. of 
carbobenzoxyglycyl chloride dissolved in ether, the second 
portion being followed by 50 cc. of a saturated aqueous solution 
of potassium bicarbonate. The mixture was shaken for 30 min- 
utes and kept at room temperature for 1 hour. 2 cc. of pyridine 
were then added, and the reaction mixture was worked up in the 
usual manner. On saponification, the corresponding oily ester 
yielded 4 gm. of crystals which were purified by crystallization 
from a mixture of ethyl acetate and ether. M.p., 125-126°. 


CigH ON >. Calculated. C 64.0, H 5.6, N 7.8 
356.4 , Found. ed Ml Range. ob 
[a] = +38.5° (5% in ethyl alcohol) 


178 mg. of this compound were hydrolyzed by carboxypeptidase. 
The hydrolysate was acidified to Congo red, filtered, and concen- 
trated to a small volume in vacuo. The concentrate was then ex- 
tracted several times with ethyl acetate. The combined ethyl 
acetate extracts were washed with water, dried over NagSO,, and 
concentrated, yielding 100 mg. of crystals (96 per cent of the 
theory) which were purified by crystallization from a mixture of 
ether and petroleum ether. M.p., 120-121°. The mixed melt- 
ing point with carbobenzoxyglycine was 120-121°. 


CyeH,0,N (209.2). Calculated, N 6.7; found, N 6.7 


Estimation of Carborypeptidase—To 445 mg. of carbobenzoxy- 
glycyl-l-phenylalanine are added 2.5 cc. of m/3 phosphate buffer 
of pH 7.6, 1.25 cc. of N sodium hydroxide, and enough water to 
make the total volume 10 cc. 2 cc. of the above substrate solu- 
tion are mixed with the carboxypeptidase solution to be tested, 
and the volume is made up to 5 cc. with water. The reaction 
mixture is kept at 25° and 1 cc. aliquots are withdrawn for amino 
nitrogen estimation at the beginning and at 1 and 2 hour inter- 
vals. 100 per cent hydrolysis of the substrate corresponds to an 
increase of 0.7 mg. of NH;-N. In the performance of such an 
estimation, the enzyme concentration in the test solution should 
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be so adjusted that, under the above conditions, the extent of 
hydrolysis in 1 hour is 10 to 30 per cent. 

Carbobenzoxryglycyl-l-Glutamic Acid—An ethyl acetate solution 
of /-glutamic acid diethyl ester (prepared from 2.4 gm. of the hy- 
drochloride) was coupled with 1.1 gm. of carbobenzoxyglycyl 
chloride, as described for carbobenzoxyglycyl-i-phenylalanine. 
The corresponding ester (2.9 gm.) was dissolved in 20 ec. of N 
NaOH by the addition of a few cc. of methanol, and allowed to 
stand for 2 hours. The solution was then acidified to Congo 
red with N HCl and concentrated to a small volume in vacuo. 
The crystals which had separated out were filtered off and puri- 
fied by crystallization from hot water. M.p., 160-162°; yield, 
1.2 gm. 


CysHisO7Neo. Calculated. C 53.3, H 5.4, N 8.3 
338.3 Found. ** 63.3, ** 5.4, * 8.1 
la]i = +4.0° (5% in ethyl alcohol) 


Carbobenzoxry-l-Glutamyl-l-Phenylalanineamide—1 gm. of car- 
bobenzoxy-l-glutamyl-l-phenylalanine ethyl ester (7) was dis- 
solved in 100 cc. of methanol which had previously been saturated 
with dry ammonia. The solution was kept 3 days at room tem- 
perature and was then concentrated in vacuo. The residue was 
taken up in water and acidified to Congo red with N HCl. The 
crystals which separated out were filtered off, dried, and re- 
crystallized from methanol. Needles which melted at about 
185-187° were obtained. Yield, 500 mg. 


C2HaO~Ns. Calculated. C 61.8, H 5.9, N 9.8 
427.4 Found. * 61.6, “ 5.8, “ 9.9 


a-Hippuryl-l-Lysine—2 gm. of a-hippuryl-e-carbobenzoxy-l- 
lysine (9) were dissolved in 20 cc. of methanol and hydrogenated 
in the presence of a palladium catalyst. The catalyst was then 
filtered off and the filtrate concentrated in vacuo, yielding a syrup 
which soon crystallized. The material, which was purified by 
crystallization from a mixture of water and dioxane, consisted of 
needles that melted at 236-238°. Yield, 1 gm. 


CysH210.Ns. Calculated. C 58.6, H 6.9, N 13.6 
307.4 Found. ** 58.6, “* 6.8, “ 13.5 (Dumas) 
la] = —5.2° (2.5% in Hi0) 














234 Specificity of Carboxypeptidase 


192 mg. of this compound were hydrolyzed by carboxypeptidase. 
The hydrolysate was acidified, with Congo red as indicator, and 
evaporated in vacuo. The crystals thus obtained were recrystal- 
lized from hot water and melted at 188-190°. Yield, 93 mg. (83 
per cent of the theory). The mixed melting point with hippuric 
acid was 188-190°. 

C,H,O,N (179.2). Calculated, N 7.8; found, N 7.7 


Benzoylglycylglycine—This compound was prepared as described 
by Fischer (12). 

118 mg. of benzoylglycylglycine were hydrolyzed by carboxy- 
peptidase. 76 mg. (85 per cent of the theory) of hippuric acid 
were isolated from the hydrolysate in the manner previously 
described under the splitting of a-hippuryl-l-lysine. The product 
melted at 188-190°. The mixed melting point with hippuric 
acid was 188-190°. 


CsH,O;N (179.2). Calculated, N 7.8; found, N 7.7 
Enzymatic Studies 

The crystalline carboxypeptidase was prepared and recrystal- 
lized according to the directions of Anson (3). The substrates 
containing a carboxyl group were used in the form of their sodium 
salts. The concentration of the substrates was 0.05 mm per ce. 
in all cases. The solutions were buffered by m/30 phosphate 
buffers. All the pH values were measured by the glass electrode. 
Except where otherwise stated, the temperature was 40°. The 
extent of hydrolysis was followed either by determining the amino 
nitrogen liberated in the Van Slyke microvolumetric apparatus 
or by measuring the liberated carboxyl groups according to the 
method of Grassmann and Heyde (13). Enzyme blanks and 
tests for the lability of the substrate in the absence of carboxy- 
peptidase were performed. 
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ACTIVATION OF ENZYMES 
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AND REACTIVATION 
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Although previous studies in this laboratory (1, 2) and else- 
where (3-5) have suggested in the action of arginase the participa- 
tion of a metal ion, the evidence in favor of this hypothesis 
heretofore has been of an indirect character, based in part upon 
observations of an increased rate of argininolysis in the presence 
of certain divalent ions. A seemingly less indirect support for 
the assumption was the finding of Edlbacher and Baur (4) that 
the activity could be greatly decreased by prolonged dialysis of 
their preparations and then restored by the addition of certain 
ions, of which the most effective was apparently Mn**. How- 
ever, the concentration of Mn** required for the restoration of 
even a small part of the activity was about 100 times greater than 
that found by us with purified arginase (see below). The above 
authors found Mn** in both dialysate and protein fractions and 
apparently tested for the presence of no other metals. Their 
conclusion that Mn** is the metal ion involved seems therefore 
somewhat premature, especially in view of the observation re- 
corded below that Co** in a concentration as low as the smallest 
found effective with Mn** can under suitable conditions restore 
to reversibly inactivated enzyme even more activity than does 
the latter ion. 

Since the crude liver extracts generally used as a source of 
arginase contain a large number of metals, many of which pre- 
sumably are coordinated to a greater or lesser extent with the 


* Completed in the Department of Biochemistry, Columbia University, 
New York. 
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various proteins, it seemed to us that little conclusive information 
as to the identity of the metallic constituent of arginase could be 
obtained until there be effected a separation of the enzyme from 
the excess of inactive substances present in these extracts. There- 
fore our first object in this investigation was the isolation of the 
enzyme. There has been achieved a partial purification; our 
best preparation was over 100 times as active as the liver powder 
used by Hellerman and Perkins (1). Direct spectroscopic 
analysis of the ash of this preparation as well as studies of its 
reversible inactivation and reactivation have given further 
evidence that arginase contains Mn** (or possibly! Fe**) as an 
essential metallic constituent. 


EXPERIMENTAL 


The composition and designation of the buffers used in testing 
the enzyme and in its isolation and inactivation are given in 
Table I. 

Method of Determination—The method used was essentially 
that described by Hellerman ef al. (1, 2), with the following 
alterations. The reaction mixture consisted of 5 ml. of buffer, 
No. 7.5 P, 1 ml. of enzyme solution, and 1 ml. of 0.09 m arginine 
hydrochloride or other substrate, with further additions as indi- 
cated, in a total volume of 9 ml. After the reaction had been 
stopped in a boiling water bath, 8 mg. of NaCN and 0.1 gm. of 
crude urease were added and the solution left for only 15 minutes 
at 37° before aeration. Under these conditions, the blank due to 
the arginase activity in crude urease is less than 0.1 ml. of 0.02 N 
HCl. Since the enzyme was more active and the metal effects 
more reproducible with a more dilute buffer, the concentrated 
Buffer 7.5 P was replaced by 5 ml. of Buffer 7.6 P in some of the 
later experiments. However, the NaCN had then to be neutral- 
ized to avoid a large rise in pH with consequent increase in the 
blank; 0.5 ml. of a 1:1 mixture of 1 m KH,PO, and 1.6 per cent 
NaCN was therefore added in place of NaCN alone. Reaction 
mixtures containing more alkaline buffers (used in a few experi- 
ments) were neutralized with HCl before the addition of buffered 


cyanide. 


1 See under “‘Discussion.”’ 





) 











-— we 


ereerewretiwFetemeaa &slhlhlUVllUWDSllOO US CULE —_— = ee SS 


se 














M. M. Richards and L. Hellerman 239 


Hellerman and Perkins (1) found that the enzymatic hydrolysis 
of arginine followed under well defined conditions the course of a 
first order reaction. On this basis, the extent of hydrolysis in 
2 hours at 37° was measured with varying amounts of enzyme. 
It was found that when the rate of the reaction was expressed as 
k = 4 log a/(a — x), where a = NH; produced when the reaction 
is allowed to go to completion and z = NH, found in 2 hours, 
k’ was directly proportional to the concentration of enzyme for 
amounts causing between 10 and 75 per cent hydrolysis in Buffer 
7.5 P (Table I). When there were present 1.5 mg. of CoCl,-6H,O 


TaBLe I 
Composition of Buffers 

















Buffer No. | Composition pH 
“tl 3 te HC,2H;O2, 1.2m; NaC.H;02.,05m | a 13 don dilution 1:5) 
5.4 Ac | “ 0.084 M; : 0.5 * 5.4 (“ we 1:5) 
7.0P | KH,PO,, 0.5 m; NaOH, 0.295 u 70(° * 1:3) 
es. | = 0.002 m; K;HPO,, 0.002 mu 
7.6P | “ 0.633 ‘ “ 0.1026 m | 7.46 (in test mixture) 
7.6P 0.056 " 0.00923 m| 7.53 ‘“ “ ° 
9.2G | Glycine, 0.126 “ NaCl, 0.126m; | 9.20“ « 

| NaOH, 0.054 m 








The pH of the first three buffers was calculated from their composition 
(ef. (6) pp. 200-220) and checked colorimetrically. The pH of the last 
three was measured with the shaking hydrogen electrode under the con- 
ditions used in the test (5 cc. of buffer, 1 cc. of 0.09 m arginine hydrochloride, 
and 3 cc. of water) except that the temperature was 30°. 


or 1.3 mg. of MnCl,-4H,0, k’ was of course greater, but still 
increased linearly with the enzyme concentration. Therefore, 
k’, measured with 1 ml. of diluted enzyme in the test, divided by 
the dilution, is proportional to the concentration of enzyme 
(= [E)]) in the original solution and [EZ] times the volume is a 
measure of the total quantity denoted as U. Ug, is calculated 
in the same way from k’go, the rate with 1.5 mg. of CoCl,-6H,O 
in the test mixture, and represents the total activity in the presence 
of excess Cot+. At each stage in the purification of liver arginase 
the nitrogen content was determined by the micro-Kjeldahl 
procedure. We use as an indication of purity U:N, where 
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N = total mg. of nitrogen. The amount of enzyme, U, is always 
given in terms of its activity in Buffer 7.5 P. 


Purification of Arginase 

Unless otherwise stated, all dialyses were carried out against 
Buffer N. P. at 0°. All precipitates were separated by centrifuga- 
tion in a cold room at approximately 10° and then dissolved in 
water and enough Buffer 7.0 P to make the final phosphate con- 
centration 0.01 to 0.02m. The yields are given for each separate 
step. 

Fresh ground beef liver was stirred with 1 volume of water, 
the mixture pressed through muslin, filtered, and the filtrate 
treated with acetone (1, 2). The precipitated, acetone-washed, 
dried powder was extracted four times with sufficient water to 
make a final total volume in ml. 20 times the number of gm. of 
original weight. This solution contained on the average 76 per 
cent of the activity present in the liver extract; U:N, 0.7 to 0.8. 

Acetone Fractionation—It was found advisable to test on small 
portions of the above solution the exact amounts of acetone 
necessary for the best yield of enzyme. Generally 0.50 volume of 
acetone was added, the inactive precipitate discarded, and a 
further 0.36 volume of acetone added to the supernatant to 
precipitate the enzyme. The suspension was allowed to stand 
2 to 3 hours between the addition of acetone and centrifugation 
in each step. The whole procedure was always carried out in 
1 day at a temperature not exceeding 10°. 

The active precipitate was dissolved in about an equal volume 
of water as soon as possible and dialyzed overnight. It was then 
heated in a water bath to 56-58° and kept at this temperature 
for 3 minutes, cooled in ice, and centrifuged to remove denatured 
protein. Yield, 67 per cent; U:N, 1.9. 

From one later experiment it appears that the acetone fractiona- 
tion may be performed directly on the initial crude liver extract, 
with avoidance of the tedious drying with acetone. In this case 
0.4 volume of acetone was added to precipitate inactive proteins, 
and 0.23 volume of acetone per volume of supernatant was used 
to precipitate the enzyme. Yield, 67 per cent; U:N, 1.9. 

Ammonium Sulfate Fractionation—The solution from the above 
step was brought to 0.42 saturation with (NH,)2SO, by addition 
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of 0.73 volume of a saturated solution and left 4 to 24 hours at 
0-10°, after which it was centrifuged. The precipitate, containing 
5 to 20 per cent of the enzyme, was discarded, and the arginase 
precipitated by addition of 11 gm. of (NH,)2SO, to each 100 ml. 
of supernatant. The second precipitate was dialyzed for about 
15 hours. Yield, 50 to 80 per cent, average 67 per cent; U:N, 
2 to 5. 

Salicylate Treatment—Although this step often leads to no 
apparent improvement in purity, owing partly to a considerable 
destruction of enzyme, it is helpful in the removal of deeply 
colored impurities and in facilitation of further purification upon 
repetition of the ammonium sulfate step. The following reagents 
were added in the order given to the ice-cold solution ([Z] = 20), 
0.091 volume of Buffer 7.0 P, 0.64 volume of 2 m sodium salicylate, 
and, after 2 to 3 minutes, 0.64 volume of saturated (NH,):SOx. 
The precipitate of denatured protein was removed at once by 
centrifugation for 20 minutes in the cold and the supernatant 
fluid dialyzed for about 20 hours. 26 gm. of (NH,)2SO, were 
then added for each 100 ml., the precipitate discarded, and 11 gm. 
of (NH,)2SO, added to the supernatant. The second precipitate 
was dialyzed for 15 to 20 hours. Yield, 33 to 53 per cent; U:N, 
2.9 to 7.2 (generally 3 to 3.5). 

The enzyme again was heated to 57° for 4 minutes and frac- 
tionated with (NH,)2SO, between 0.43 and 0.57 saturation by 
means of the addition of suitable amounts of a saturated solution. 
Yield, 53 to 87 per cent; U:N, 3.4 to 6.5. 

The heating and ammonium sulfate fractionation steps were 
repeated until the solution was pale yellow in color and U:N 
was 5 or greater. When U:N is larger than 4, it is advisable to 
have present 0.02 m phosphate buffer of pH 7 to avoid partial 
inactivation through the acidity of the ammonium sulfate. The 
buffer must not be added before heating, since in the presence of 
added phosphate (or other salt) arginase is partially destroyed at 
57°, although it is quite stable at 57° in the absence of added salt. 

Fractionation with Sodium Alizarin Sulfonate—Buffer 5.4 Ac, 
0.2 volume, and 0.1 to 0.3 volume of 4 per cent sodium alizarin 
sulfonate (the exact amount necessary must be determined by 
preliminary tests) were added to the enzyme solution kept in an 
ice bath. The suspension was centrifuged after 4 to 1 hour; the 
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precipitate was dissolved with Buffer 7.0 P and water, and the 
solution centrifuged to remove any insoluble material, after which 
the enzyme was reprecipitated by the addition of 0.2 volume of 
Buffer 5.4 Ac and sufficient 0.2 N acetic acid to bring the pH of the 
phosphate present to 5.4. The precipitate was dissolved to a 
volume such that [#] equaled 11, and then 0.05 volume of Buffer 
7.0 P was added. This solution was fractionated with ammonium 
sulfate between 0.33 and 0.57 saturation. The first (NH,).S0, 
precipitate contained most of the alizarin sulfonate and sometimes 
as much as 30 per cent of the enzyme; the latter could be recovered, 
after removal of the alizarin sulfonate by dialysis, by means of 
refractionation with (NH,)2SO,. The main part of the arginase, 
in the precipitate at 0.5 saturation, was dialyzed first against 
Buffer N. P. for 1 day, and then for 2 days against conductivity 
water. The enzyme at this final stage was still colored by non- 
dialyzable alizarin sulfonate, for which there was found no con- 
venient means of removal. This did not seem to interfere with 
the enzyme activity. Yield, 47 to 67 per cent; U:N, 13.5 to 18. 

The over-all yield was about 5 per cent and U:N 50 to 65 
times greater than in the crude extract (U:N, 0.27). 


Reversible Inactivation 


The procedures used (3, 4) by other workers for reversible 
inactivation did not seem altogether suitable for the purpose of 
separating protein and metal ion. A treatment with HCl at 
pH 3 (8) is too rapidly destructive of enzyme and greatly pro- 
longed dialysis (4) is inconvenient. The most successful method 
found by us was the following. Of Buffer 4.3 Ac, 0.2 to 0.4 
volume was added to the ice-cold enzyme solution and the mixture 
left 12 hours at 0°; then enough saturated (NH,)2SO, was added 
to bring the solution to 0.57 saturation. 1 hour later the suspen- 
sion was centrifuged at 10°, and the precipitate washed once with 
0.57 saturated (NHj,)2SO,, dissolved in dilute phosphate buffer, 
and either tested at once or dialyzed overnight, first against 
Buffer N. P. and then conductivity water. This procedure was 
not completely satisfactory in that it gave rather variable results 
with different preparations and in no case removed all activity 
(the latter being based on tests in the absence of added metal 
ion); but if buffers of greater acidity were used there resulted 
irreversible inactivation, all action, even with added Co**, being 
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destroyed. The difficulty probably lay in the following: at 
acidities greater than pH 5.0, the protein is denatured with 
increasing rapidity and the rate of dissociation of the metal is not 
sufficiently greater to allow complete separation of the two 
processes. It was possible to obtain an estimate of all the metals 
in one of these preparations before and after inactivation by a 
spectrographic method (7) which permits a semiquantitative 
determination of nearly all metals in one sample. The analyses 
were performed by Dr. M. Slavin of the Bureau of Mines and the 
authors wish to express here their gratitude for his cooperation. 




















Taste II 
Spectroscopic Analysis of Purified Arginase and Derived Inactivated 
Preparations 

IN  vcaecanscescsegssceeses 9A oR 10A 10R2 
U, before inactivation 283 283 267 | 267 
Uco “ 2 1060 1060 1500 1500 
U, after “y 30 104 
Uco “ - 1040 1500 
Cu Present Present 4.67 2.27 
Fe " 7 40 y 23 ¥ 
Mg “ “ 16 y 3.57 
Mn . Trace 7.77 2.27 














Enzymes 9A and 10A were purified arginase preparations from which, 
respectively, Enzymes 9R and 10R2, partially inactivated preparations, 
were derived by the procedure described in the text. The amount of Mn 
in Enzyme 9A was estimated as roughly 10 times greater than that in 9R. 

U is a measure of the total quantity of arginase; Uco, of the total activ- 
ity in the presence of excess Cot+. See “Method of determination.” 





The complete analysis by separate chemical methods would have 
been impossible owing to the prohibitive quantity of material 
which would have been required. The samples were ashed in 
platinum crucibles, additions being 23 mg. of NaCl as a diluent and 
0.5 ce. of H:SO, to aid in the destruction of organic matter. A 
sample of Buffer N. P. was treated similarly and taken as a blank. 
Unfortunately, in the case of Enzyme 9, which on treatment with 
acetate and ammonium sulfate yielded a preparation, Enzyme 9R, 
which retained only a ninth of the initial activity (alone), but was 
completely reactivatable in the presence of Cot* (cf. Table II, 
second and third columns), the ash was so hygroscopic, owing to 
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Taste III 
Effect of Various Metals on Acid-Treated Arginase 
| a , , | Amount 
ge | be me of metal Other additions | original — tos a 
. in test enzyme tivation § tivation : 

| original 

Y | r 
10R7 | Mn** | 0.005 0.160 | 0.093 | 0.090 | 0.005 
™ 0.011 Same Same 0.132 | Same 

“ 0.022 “ | “a 0.155 | sc 

“ 0.043 mei it rT | 0.266 | “ 

“ce 0.54 a ce 0.284 “e 
10R6 ¥ 0.011 | 0.189 | 0.038 | 0.076 0.005 
* | 0.043 | Same | Same | 0.124 | Same 
Cut* | 0.006 | «| | 0.083 | 0.008 
«| 0.024 | «| «| 9.033 | Same 

| Fet+ | 0.06 | ee “| 0.025 | 0.08 
| | 0.094 | “| 0.025 | Same 

Mg** | 0.06 * ** | 0.025 | 0.01 
108 Mn** | 0.011 | 0.188 | 0.029 | 0.060 | 0.005 

++ | 

aoe | a | Fe powder | Same | Same | 0.057 | aaa 
Fe** | 0.06 | Cysteine “ ” 0.029 | 0.028 
“ | 0.24 | “ “é “ 0.058 Same 

“ 0.24 Fe powder ” “« 10.049; “ 
11R2. | Mn+ | 0.01 | 0.269 | 0.092 | 0.201 | 0.006 
“ 0.04 Same | Same | 0.560 Same 
| Cot | 0.01 = 0.528 | 0.000 
11R3 | Mn*+ | 0.01 0.278 | 0.114 | 0.223 | 0.006 

| Fet+ | 0.036 | Fe powder Same | Same | 0.148 | 0.08 
| ny Eeet OL, “ | 0.155 | Same 

11R4 | " | 0.08 | 0.278 | 0.098 | 0.136 | 0.03 

++ 

| itl | ae Fe powder Same | Same | 0.164 | oa 








Tests on Enzymes 10R7, 10R6, and 10S were carried out with phosphate 
buffer No. 7.5 P (uw = 1.1); those on Enzymes 11R2, 11R3, 


phosphate buffer No. 7.6 P (« = 0.1). 


and 11R4, with 


The metal estimated present in the 











untreated enzyme (last column) on the basis of enzymic activity and the 
analysis of Enzyme 10A is corrected in the tests involving Buffer 7.6 P 
to take account of the increased rate (one-third greater) in the dilute as 
compared with the concentrated buffer. Cysteine, where used, was added 
as the neutralized hydrochloride, 0.01 mg. being present in the test. Fe 
powder was a “‘c.p. reduced iron.” 


the use in this instance of KCl as diluent, that it could not be 
weighed. Qualitatively the intensity of the various spectral 
lines indicated that of the various metals originally present only 
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Mn was appreciably lower in this inactivated enzyme preparation. 
A complete analysis was obtainable for Enzyme 10A and the 
acid-inactivated preparation Enzyme 10R2 derived from it. 
The results are given in Table II. According to Dr. Slavin, the 
absolute values may be in error by +100 per cent, but the relative 
accuracy for any one metal in different samples is much greater 
(+10 per cent). The results have been corrected for the blank, 
which was zero in the case of Mn, 5 per cent of the total amount in 
Enzyme 10A for Fe, 20 per cent for Cu, and 27 per cent for Mg. 
V, Mo, Al, Si, and Pt were also present, and the concentration of 
these decreased on acid treatment. 

In studying the reactivation of acid-inactivated arginase by 
traces of metal ions, we noted that the maximum effect was obtain- 
able only when enzyme and metal ion were mixed in a concentra- 
tion at least 10 to 50 times greater than in the solution added in the 
test. The constituents could be mixed in the absence of buffer, 
in the presence of 0.02 m phosphate between pH 7 and 7.5, or in 
0.02 m glycine between pH 8 and 9 without alteration of the extent 
of activation. Citrate, concentrated or alkaline phosphate, or 
any buffer of pH lower than 6 apparently prevented the addition 
reaction of metal ion and enzyme. The results of thereactivation 
experiments are shown in Table III. The values of k’ are all 
given for dilutions corresponding to those used with unaltered 
enzyme, after any volume changes involved in the procedures used 
have been taken into account. The last column contains an 
estimate, based upon the spectrographic analysis and activity of 
Enzyme 10A (Table II), of the amount of metal actually present 
before acid treatment in the quantity of enzyme used in the test. 


Hydrolysis of Canavanine and Several Other Guanidino Compounds 


The degree of hydrolysis of canavanine in the presence of simi- 
larly treated arginase preparations is given in Table IV and com- 
pared with that of /(+)-arginine under the same conditions. The 
activity is expressed as per cent hydrolysis in 2 hours at 37°, since 
the kinetics of the reaction are not known. The canavanine was 
prepared from jack bean meal (8); its purity was established by 
analysis* (calculated, C 34.07, H 6.86; found, C 34.1, H 6.6). 

A few measurements were made with other selected guanidino 


* We are grateful to Mr. William Saschek of Columbia University, who 
performed the microanalyses. 
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Taste IV 
Comparative Activity of Purified Arginase toward |(+)-Arginine and 
Canavanine 
Per t hydrolysi H 
ane Metal in test im see . sis’ 7 = 
Arginine |Canavanine Arginine Canavanine 
peyee™ 
118 65 50 7.53 7.82 
a | Mnt* | 1300 85 60 Same | Same 
- Co** 1500 96 80 - - 
11R3 | | 33 30 - o 
11R2 Mn*+ 0.01 49 | 2 io |. @ anal 
11R3 Fe** 0.08 | 47 | 27 > 
Fe** 0.04 | | 
| “oc “ 
aes eee ape wit Gee 
11K * | CO | 6.74 | 6.74 
5 64 | 50 7.53 7.82 
“ 86 4.5 9.20 9.20 














* This value is calculated from the pH-activity curve of arginase- 
arginine, since the solutions of arginine and canavanine in this buffer 
differed in pH. They differ similarly for the buffer of pH 7.53 but no 
correction was necessary here, inasmuch as the activity toward arginine 
in phosphate buffers of u = 0.1 changes negligibly between pH 7.4 and 7.9. 
The pH of the two substrate-buffer solutions was the same in the glycine 
buffer No. 9.2 G. 


TABLE V 
Hydrolysis of Guanidino Compounds in Presence of Concentrated Purified 
Arginase 
The figures represent per cent hydrolysis under the stated conditions 
at 37°. 

















| Buffer 7.6 P,2hrs. | Buffer 9.2G, 2hrs, | Buffer9.2G 
Substrate _ om 7 , nal 4 | Bene 
Alone | PlusCot+| Alone |PlusMn*+| Plus Mn* 
Agmatine sulfate, 23.2 mg..| 4 | 16 5 | 66 70 
6-Guanidinovaleric acid, | 
ae a 3 0.5 | 21 94 
p-Toluenesulfonylarginine, | 
Pie ok Od OS i ed ee 94° 


' 





* Incubated 44 hous. 
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compounds in an attempt to determine further to what extent the 
apparent narrow specificity of arginase is a quantitative rather 
than a qualitative one. In each of these experiments there were 
present 170 times the concentration of purified arginase necessary 
to bring about in 2 hours at 37° 55 per cent hydrolysis of 1(+)- 
arginine in Buffer 7.6 P, or 67 per cent in Buffer 9.2 G. The 
results in terms of per cent hydrolysis are given in Table V. 
Blanks in the absence of arginase, with all other conditions un- 
changed, were always less than 0.1 ml. of 0.02 n HCl for all sub- 
strates in phosphate buffer and for p-toluenesulfonylarginine and 
§-guanidinovaleric acid in the glycine buffer, 0.3 ml. for agmatine 
sulfate in the latter. Blanks in controls with added arginase 
without subsequent addition of urease in the runs with glycine 
buffer and added Mn** were always less than those without 
arginase; this was taken to indicate that from these compounds, 
as from arginine, the enzyme forms urea and no ammonia (ef. (2)). 

The identity of each substance used as a substrate was deter- 
mined by its physical properties and by its analysis.? Of the 
materials used, only the agmatine was purchased on the market; 
after recrystallization, this remained slightly impure. The choice 
of substrates selected for study was determined by their structural 
relationship to arginine, as indicated in the following. 


\(+)-Arginine .......... HN=C(NH.)—N(H)—CH;—(CH,).—CH(N H;) (COOH) 
Canavanine ............HN==C(NH,)—N(H)—O—(CH,).—CH(NH,) (COOH) 
(a) N-p-Toluenesulfonyl- 

[U(+)]-arginine (9).... HN=C(NH:)—N (8)—CH,—(CH.)s—C(H) COOH 


HNSO,C,H.CH, 


é-Guanidinovaleric acid. HN=C(N H:) —N (H) —-CH,—(CH:):—CH:—COOH 
Agmatine : . .HN=C (N H,) —N (H) —CH,—(CH:);—CH,—N H;: 


DISCUSSION 


The rather large number of metals found in the spectrographic 
analysis of the ash of the best arginase preparation available 
showed that the purification had not yet proceeded far enough to 
permit a direct observation of any one metal naturally associated 
with the enzyme. The presence in blanks of most of these metals, 
in quantities by no means negligible, suggests the necessity 
ultimately of rigorous purification of all salts used in the isolation 
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procedure, since proteins tend to form difficultly separable com- 
plexes with many divalent metal ions. The latter applies especially 
in the less acid regions of pH in which it is necessary to operate 
with arginase, an enzyme exhibiting marked instability in slightly 
acid solution. 

It was found that treatment at pH 4.3 removed from enzyme 
preparation No. 10A all of the metals to approximately the same 
extent. Nevertheless, from the spectroscopic analysis, taken 
together with data on the effect of added substances, it is possible 
to draw some conclusions. Of the several ions which have been 
reported (1, 3) to activate arginase, Cot+, Ni**, Zn*+*, and Cd*+*+ 
were absent and vanadium was present in an amount no greater 
than in the blank. We found Mg** and Cu** in low concentra- 
tions to be wholly incompetent to activate; in higher concentra- 
tions Cu** is known to inactivate markedly (1). There are no 
data on the effect of cuprous copper. Solid Cu,O destroyed our 
enzyme completely, but this might have resulted from a partial 
oxidation to Cut*. However, it seems unlikely that Cut could be 
involved in view of the observed insensitivity of purified arginase 
to such oxidizing agents as K;Fe(CN). and oxygen as well as to 
cyanide. The presence of 0.01 m K;Fe(CN), led only to a slight 
lowering of activity, differing but little from the effect of 0.01 m 
K,Fe(CN).. Furthermore, there was observed no effect from a 
treatment of the enzyme with 0.02 m cyanide at pH 8 for 12 hours, 
followed by precipitation of the enzyme with ammonium sulfate 
and its dialysis for 2 days against 0.01 m cyanide; such a procedure 
is known to remove completely the Cu* from hemocyanins and 
polyphenol oxidase (10). 

Of the other metals present, we found only Mn**, and less 
consistently Fet*, to be capable of restoring any activity to 
partially inactivated arginase (cf. Table III). The rate of hy- 
drolysis as catalyzed by the acid-treated enzyme can be increased 
significantly by an amount of Mn** equal in the test solution to 
0.0012 y per ce. or 2 X 10° mm,' which is about twice that 
found in the purified arginase. By the addition of 4 times that 
amount of Mn**, the rate can be raised above the level observed 
in the presence of the untreated purified enzyme. 


* There is induced by Co** added in this concentration an even greater 
activity (cf. Table III), in contrast to the finding of Edlbacher and Baur (4). 
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The results with Fe*+* were somewhat ambiguous. In apparent 
contrast to the findings of some other workers (11-14) but in 
agreement with Edlbacher and Baur (4), large amounts (3 mg. of 
FeSO,.7H:O), added directly to the test, were found to lead to no 
activation or reactivation with or without cysteine or other 
reducing agent. In some instances there resulted rather less 
activity. On the other hand, we have observed that the addition 
to the concentrated solution of amounts comparable to those 
present in unaltered enzyme, when there was added at the same 
time powdered iron or cysteine to prevent oxidation of the Fe*+* 
to Fe+*+*, did in many cases restore some activity. To obtain 
further evidence as to which of these two metals (Mn** or Fe**) 
might normally be associated with arginase there was determined 
as a function of pH in phosphate and glycine buffers of ionic 
strength 0.1 the rate of hydrolysis of arginine in the presence of 
untreated, acid-inactivated, and Fe*+t+-, Mn**-, and Fet*- plus 
Mn*+-reactivated enzymes. The added metals were present in a 
concentration twice that found to be present in Enzyme 10A. 
None of the pH-activity curves, not even the one for acid-inacti- 
vated enzyme alone, was seen to coincide exactly with the original 
in shape. Neither of the metals was found to have any effect at 
pH 6.2 or below. However, the curves did show marked restora- 
tion of activity by Mn** from pH 6.5 to 10.1, the maximum tested, 
and, in contrast, an increase in the rate, between pH 7.2 and 9.2 
only, in the case of Fe*++, which, moreover, displayed much less 
effect than Mn**. 

In other respects also the reactivated enzymes differed from 
the original. Manganous ion, added in reactivations, was much 
more readily dissociated by dialysis or ammonium sulfate than 
the Mn** in untreated arginase; and addition of neither Fe*+ 
nor Mn** in concentrations of 1.4 K 10-* mm and 2 X 10-° mm 
respectively led to a recovery of activity when canavanine was 
the substrate. These observations, and those showing that the 
addition to either normal, purified enzyme, or inactivated ma- 
terial, of Mn++ in amounts equivalent to from 2 to over 100 
times the concentration of the metal originally present brings 
about continually increasing activity, might lead to a suspicion 
that metal activation is merely an artifact and that the acid treat- 
ment has caused only destruction of a large part of the enzyme. 
However, such a conclusion would seem unlikely in view of the 
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demonstration afforded in our procedure that the total activity 
in the presence of excess Co** is either little changed or much 
less lowered than in the absence of any addition, and, furthermore, 
that a decrease in metal content is accompanied by a roughly 
proportional loss in activity. It appears more reasonable to 
hold to the hypothesis that a metal ion is an essential part of the 
arginase molecule; further, that the most probable essential 
metallic constituent is Mn++, with Fe** still a possibility either 
of itself or together with Mn*~. 

Our purified enzyme itself appears to be capable of combining 
loosely and reversibly with excess Mn** and with various other 
ions. In the hydrolysis of 1(+)-arginine, and to a lesser degree 
of canavanine, this added metal is almost as effective ‘“catalyti- 
cally”’ (in the case of Co+* more so) as the metal originally present. 
At pH 4.3 the metal slowly dissociates from purified arginase 
and at the same time there are initiated in the protein changes 
leading eventually to its complete “‘denaturation;” the resulting 
enzymic material is now capable only of entering into the more 
readily reversible type of combination with Mn**, supposedly 
either because the groups in the enzyme and other (inactive) 
proteins with which the metal initially might coordinate react 
more rapidly than the characteristic grouping in which it was 
originally tightly bound, or because the latter has been altered 
to some extent by the methods employed. That non-liver Mn** 
was introduced during the isolation procedure is rendered unlikely 
by the absence of this metal from the buffer used for the dialyses 
(in contrast to all the other metals except non-activating Pb). 

The experiments with substrates other than arginine and can- 
avanine confirmed previous observations (2, 15-18) dealing with 
the relatively slight activity of arginase toward certain analogues 
of arginine in which the a-amino or carboxyl group has been 
altered or removed. In phosphate buffer of pH 7.5, in the presence 
of concentrated arginase with or without cobalt, the hydrolysis of 
all three compounds listed in Table V (except only agmatine in 
the presence of Co+*) was very slight; in glycine buffer of pH 9.2 
the rates were hardly greater, but upon the addition of Mn** 
they became appreciable, increasing in the order p-toluenesulfonyl- 
arginine, 6-guanidinovaleric acid, and agmatine; in a prolonged 
incubation period there was observed nearly complete hydrolysis. 
The strikingly low rate with p-toluenesulfonylarginine is of interest 
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in view of the reports that the related compounds carbamido- 
(+)-arginine (18), benzoylarginine (16), and acetylphenylalanyl- 
arginine (17) are hydrolyzed even in the absence of added metal 
jon, albeit by far more slowly than 1(+)-arginine. The consider- 
able increase observed upon addition of Mn** in the rate of the 
enzyme-catalyzed hydrolysis at pH 9.2 of all of these compounds 
is of interest in connection with the theory (1, 2) that the rdéle 
of the metal ion is related, at least in part, to its coordination with 
the a-amino or carboxyl group (or both groups) of I(+-)-arginine 
in the formation of intermediate enzyme-substrate complexes; 
in each of these substrates there has been eliminated one or the 
other of the characteristic groups. It seems altogether probable 
that the importance of the metallic constituent transcends the 
function of mere orientation (e.g., through these groups). More- 
over, the rate of hydrolysis of canavanine, in which occur both 
a-amino and carboxyl groups but an altered (differently substi- 
tuted) guanidino group, is increased to a lesser degree by either 
Mn** or Co**, especially when these are present in low concen- 
trations, than is the rate for arginine. It may be remarked that 
in view of the very large decrease in the efficiency of catalysis by 
arginase observed when either of the substrate groups (a-NH2; 
—COOH) apparently unconcerned directly in the reaction has 
been altered (cf. the results on alkaline hydrolysis of guanidino 
compounds (2)) it is noteworthy that the substitution of an 
oxygen atom for the methylene group adjacent to guanidino, 
itself, results only in a slight alteration of the rate of hydrolysis, 
at least at pH 7.5, although this change in structure has occasioned 
a lowering of the association exponent, pK,, of the guanidino 
group from between 13 and 14 (19) for arginine to 7.4 for can- 
avanine (20, 21). It might be conceived that two different 
enzymes were involved. Due consideration is to be given the 
observations (Table IV) of the differing effects of small amounts 
of metal ions on the rates of hydrolysis for the two substrates 
as well as of the markedly different rates at pH 9.2. However, 
the latter observation is entirely consistent with the assumption 
that the more characteristic action of arginase is concerned only 
with a positively charged guanidinium ion (2). In arginine the 
guanidino group would be completely in the preferred ionic form 
throughout the pH range of enzyme activity with this substrate; 
but only 1.2 per cent of the cationic guanidinium form would be 
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present in the case of canavanine at pH 9.2 in the region where 
its enzymatic hydrolysis is remarkably slow. 


SUMMARY 


1. A method for the partial purification of liver arginase is 
described. 

2. Purified arginase, after inactivation by treatment with 
acetate buffer at pH 4.3 and precipitation with ammonium sulfate, 
has been shown to contain a lower concentration of all the metals 
originally present; of these only Mn** and to a lesser extent Fe++ 
have been found capable of restoring activity. There are discussed 
certain differences between original and reactivated enzymes. 

3. The relative rates of hydrolysis in the presence of purified 
arginase of p-toluenesulfonylarginine, 6-guanidinovaleric acid, 
agmatine, and canavanine have been observed; differences in the 
behavior of the enzyme toward the last named compound and 
arginine have been noted. 
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The object of this report is to present data upon the normal 
values of glycogen, fat, and water content of the livers of well 
nourished guinea pigs. Such data, essential as a basis for various 
types of experimental work, are not available in the literature 
for this species. As this study was getting under way, Petrén 
(1939) reported the results of an extensive investigation of the 
glycogen content of the guinea pig liver, from which he concluded 
that there were daily rhythmic variations, with a minimum in 
the morning (around 9 a.m.) and a maximum in the afternoon 
(around 3 p.m.). In order to check upon this finding, we have 
concentrated upon two periods of the day—9 a.m. and 3 p.m.— 
which are representative of the usual morning and afternoon 
experimental periods, and which, from Petrén’s data, would be 
expected to show considerable differences in the mean value of 
the liver glycogen content. We have satisfied the following 
conditions in the present study: (1) all elements of the diet were 
available in excess at all times; (2) the animals were left entirely 
unmolested except for the daily cleaning of the cages and re- 
plenishment of the food supply. 


Material and Methods 


Thirty-six male guinea pigs, subdivided into three series of 
twelve, were used for the experiments. We have used only male 
guinea pigs in order to avoid sex differences in liver glycogen, 
ete. (Deuel, Butts, Hallman, Murray, and Blunden, 1937, 1938; 
Sjégren, Nordenskjéld, Holmgren, and Méllerstrém, 1938). All 
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animals were obtained from the same breeding farm. Series 1, 
from 5} to 6 months old, was received on May 22 and sacrificed 
on June 13 (Guinea Pigs 1 to 6) and 15 (Guinea Pigs 7 to 12), 
Series 2, 10 weeks old, was received on August 16 and sacrificed 
on September 26 (Guinea Pigs 13 to 18) and 28 (Guinea Pigs 
19 to 24). Series 3, 10 weeks old, was received on October 17 
and sacrificed on November 7 (Guinea Pigs 25 to 30) and 9 (Guinea 
Pigs 31 to 36). While in the laboratory, each series was housed 
in four small cages, three animals to a cage. 

The diet consisted of Purina Rabbit Chow (complete ration), 
Purina Dog Chow (large checkers), fresh carrots, and lettuce. 
The Chows contain roughly 50 per cent carbohydrate, 20 per cent 
(Dog) and 14 per cent (Rabbit) protein, and 5 per cent (Dog) 
and 2.5 per cent (Rabbit) fat. When the two Chows are used 
together, the mineral and vitamin content is fully adequate except 
for vitamin C, which is supplied by the greens. The animals 
received no water, since they will not drink so long as fresh greens 
are available. The daily cleaning of the cages and replenishment 
of the food supply was deliberately carried out at different and 
irregular times on succeeding days. 

At the time of sacrifice, the animals were removed from the 
four cages in rotation. After being weighed, they were quickly 
decapitated and held up by the hind legs for a brief interval, 
during which the mixed blood samples for sugar determination 
were collected. The liver was then rapidly exposed, and samples 
were taken in the following order: (1) for glycogen (from the lobe 
to the right of that to which the gallbladder is attached; where 
two samples were taken, the above sample is designated Sample A, 
and Sample B was taken from the lobe to which the gallbladder 
is attached); (2) for fat (from the extreme left lobe of the liver; 
where two samples were taken, the above sample is designated 
Sample A, and Sample B was taken from the extreme right lobe 
of the liver); (3) for water content (in Series 1, taken from the 
same lobe as the sample for fat; in Series 2 and 3, from the lobe to 
the right of, and ventral to, the lobe used for the fat sample); 
(4) for histological fixation for subsequent study (the total weight 
of these blocks was obtained by weighing the bottles of fixative 
before and after the addition of the tissue). All samples were 
dried quickly on filter paper before subsequent handling. The 
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remainder of the liver was then excised, the gallbladder removed, 
and this liver residue weighed. To obtain the total weight of 
the liver, the weight of all liver samples was added to that of 
the liver residue. Special experiments showed that the liver 
weight so obtained is only slightly less than that of the same liver 
weighed in toto, the difference being insignificant for the present 
study. 

Chemical M ethods—Blood sugar was determined on laked blood 
by the method of Folin and Malmros (1929). Glycogen was 
determined by the Good, Kramer, and Somogyi (1933) adaptation 
of Pfliiger’s method. We have added 0.5 cc. of saturated Na,SO, 
solution with the alcohol to insure precipitation of the glycogen, 
as recommended by Sjégren et al. (1938). For hydrolysis we 
have used 10 or 20 cc. aliquots of the glycogen solution in 1 N 
H,SO, and hydrolyzed for 2 hours on a water bath. That hydroly- 
sis is complete under these conditions we have proved by duplicate 
determinations on smaller aliquots and by applying the technique 
to a similar solution of glycogen of known purity. For the deter- 
mination of glucose in the neutralized hydrolysate we have used 
the method of Folin and Wu (Folin and Wu, 1920; Folin, 1929). 
The fat (total lipid) content of the liver was determined by the 
oxidation method of Bloor (1928), with the slight modifications 
of Marble, Field, Drinker, and Smith (1934). Total cholesterol 
was determined by the colorimetric method of Bloor (1928). 
Phospholipids were determined by the unpublished method of 
Fiske and Subbarow. All of the glycogen and most of the fat 
determinations were carried out in duplicate and sometimes in 
triplicate. The water content of the liver was determined by 
drying to constant weight at 110°. After removal from the 
animal, the tissue sample was transferred at once to a weighed, 
50 cc. Erlenmeyer flask, tightly stoppered. Shortly thereafter 
the sample was rapidly minced in the flask with scissors, the 
weight of the minced sample determined, and the flask transferred 
to the oven. 


Results 


The detailed data are given in Table I. The times are Eastern 
standard time (the divergent sacrifice time of the first three ani- 
mals was occasioned by confusion with daylight saving time). 
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. ey Gao No. eas Sacrificed at | — Liver weight | os eiyer ‘ | ive 
‘m me. | m Pe en cent , 

° per cent) 9™ | waite | per cont per om 

1) 1 | 772) 7.45am 134 | 35.7 | 4.62 | 1.94 | 71.7 

2 | 980; 8.15 “ 139 | 39.0 | 3.98 | 2.62 | 71.4 

3 | 747 | 8.30 “ 118 | 26.4 | 3.53 | 2.40 | 75.4 

| 4 | 805 2.45 p.m 118 | 31.3 | 3.50 | 2.52 | 72.2 

5 | 915 | 3.00 “ 116 | 32.5 | 3.55, 2.49 | 71.8 

6 | 780 | 3.15 “ | 114 | 24.7 | 3.17 | 3.08 | 71.5 

7 | 880 | 8.45 a.m 116 | 25.2 | 2.86 2.35 | 70.9 

8 | 965 | 9.00 “ 110 | 34.5 | 3.58 | | 2.66 | 70.6 

9 | 940) 9.15 “ 122 | 31.9 | 3.39 | 2.79 | 71.1 

10 | 670 | 2.45 p.m 113 | 19.3 | 2.88 | 3.10 | 71.8 

11 | 620 | 3.00 “ 129 | 21.0 | 3.39 | 2.80 | 72.2 

| 12 | 068 | 3.15 “ 130 | 30.5 | 3.18 | | 2.86 | 71.8 

Average.| 844 122 | | 3.47 | | 2. 63 | 71.9 

i Seeeeedimentent pseect conceal ie 

2 | 13 | 525 | 840m. | 120 (21.7 | 4.13 | 6.25 | 2.44 | 70.5 

| 14 | 570 | 9.00 “ | 145 | 27.4 | 4.81 | 7.66 | 2.69 | 70.8 

15 | 620} 9.20 “ =| 136 | 21.5 | 3.47 | 3.96 | 3.10 | 71.7 

16 | 573 | 2.40 p.m | 187 | 25.2 4.42 | 5.38 | 2.62 | 71.1 

| 17 | 500] 3.00 “ 136 | 20.7 | 4.14 | 4.73 | 2.84 | 71.7 

18 | 610 | 3.20 “ 124 | 26.7 | 4.38 | 5.26 | 2.59 | 70.3 

19 | 610 | 8.40a.m 142 | 28.6 | 4.69 | 7.13 | 2.32 | 71.4 

| 2 | 650} 9.00 “ 139 | 33.2 | 5.11 | 6.95 | 2.33 | 71.9 

21 | 575 | 9.20 “ 132 | 20.8 | 3.62 | 6.85%, 2.54% 70.9 

| 22 | 560 | 2.40pm. | 116 | 22.2 | 3.96 | 3.96 | 2.78 | 73.1 

23 | 645 | 3.00 “ 139 | 34.4 | 5.33 | 7.83 | 2.30 | 71.5 

| 24 | 7022 | 3.20 “ 165 | 41.4 | 5.90 | 7.98* 2.40*| 71.3 

Average. | 595 136 4.50 | 6.1 | 2.58 | 71.4 

3 | 25 | 440 | 8.40a.m. | 187 | 19.7 | 4.48 | 7.75, 2.57 | 72.2 

26 | 425 | 9.00 “ 161 | 17.2 | 4.05 | 6.61 | 2.43 | 71.7 

27 | 400| 9.20 “ | 154 | 14.9| 3.73 | 5.45%) 2.85*| 71.1 

28 | 420 | 2.40 p.m 129 | 17.1 | 4.07 | 7.48 | 2.41 | 71.5 

29 | 400 | 3.00 “ 145 | 15.3 | 3.83 | 6.50 | 2.57 | 72.9 

30 | 370 | 3.20 “ 123 | 14.3 | 3.86 | 3.78*| 3.16* 72.4 

31 | 445 | 8.40 a.m 167 | 21.8 | 4.90 | 9.46 | 2.20 | 71.9 

| 82 | 460| 9.00 “ 128 | 17.4 | 3.78 | 4.22 | 2.62 | 73.2 

33 | 375 | 9.20 “ 133 | 15.7 | 4.19 | 7.59% 2.39% 71.7 

34 | 455 | 2.40 p.m 190 | 20.3 | 4.46 | 9.04 | 2.44 | 71.8 

35 | 435 | 3.00 “ 165 | 17.0 | 3.91 | 6.88 | 2.59 | 72.1 

36 | 370 | 3.20 “ 184 | 18.3 | 4.95 | 9.05*| 2.07*| 72.2 

Average. | 416 151 | —| 4.18 | 6.98 | 2.53 | 72.0 





* Average of determinations on two different samples; see text. 
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We had reason to suspect several of the glycogen analyses in 
Series 1, and so have rejected all of these analyses for this series. 
Liver fat (total lipid) is expressed as per cent of oleic acid. Liver 
water content is expressed as per cent of fresh tissue, without 
correction for either fat or blood content. The water content 
exhibits only slight variations. In Series 2 and 3, for which 
both water and glycogen content data are available, the water 
content varies from 70.3 to 73.2 per cent, the glycogen from 
3.78 to 9.46 per cent. This relative constancy of the water con- 
tent, in association with wide variations in glycogen content, is 
in agreement with the recent studies of Fenn (1939) and other 
workers. 


TaB.e II 
Differential Fat Analyses on Guinea Pig Liver Fat 








Guinea pig No. | Total lipid | Fatty acide | cn aetal 4, _|Phospholipid P 
|e | Se | wer | omer 

1 1.94 1.76 165 108 

1 2.80 2.61 170 149 

13 2.44 2.25 159 142 

17 2.84 2.64 19 144 

19 | 2.93 2.16 155 129 
27 (Sample B) | 2.85 2.66 188 171 
3o( “ A)| 3.14 2.90 216 174 
34 | 2.44 2.28 141 146 














In six of the animals glycogen and fat analyses were carried 
out upon samples taken from two different lobes of the liver 
(see “Material and methods’’). The results were as follows: 
Guinea Pig 21, glycogen 6.62 (Sample A), 7.07 (Sample B), fat 
2.35 (Sample A), 2.73 (Sample B); Guinea Pig 24, glycogen 7.80, 
8.16, fat 2.25, 2.54; Guinea Pig 27, glycogen 5.46, 5.43, fat, 2.84, 
2.85; Guinea Pig 30, glycogen 4.01, 3.55, fat 3.14, 3.17; Guinea 
Pig 33, glycogen 7.74, 7.44, fat 2.37, 2.41; Guinea Pig 36, glycogen 
9.06, 9.03, fat 1.86, 2.27. To summarize the above, the glycogen 
analyses were essentially identical in two of the animals, and 
differed by from 4 to 13 per cent in the other four; the fat analyses 
were essentially identical in three of the animals, and differed 
by from 13 to 22 per cent in the other three. 
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The total fat content of the liver was subjected to differentia] 
analysis for eight of the animals, representing all three series 
(Table II). The fatty acids comprise from 90.7 to 93.4 per cent 
of the total lipid, average 92.7 per cent. The phospholipid fatty 
acids may be calculated roughly by multiplying the phospholipid 
phosphorus (mg. of P per 100 gm. of liver) by 25 and taking two- 
thirds of the resultant figure. When these calculations are made 
for the data in Table II, the figures for the phospholipid fatty 
acids approach, equal, or somewhat exceed the figures for total 
fatty acids, and justify the conclusion that only a small portion 
of the fatty acids in the normal guinea pig liver is present as 
neutral fat. 

As noted in the introduction, we sacrificed half of our animals 
(t.e., half of each series) about 9 a.m. and half of them about 
3 p.m. in order to check upon Petrén’s (1939) finding of a morning 
minimum and afternoon maximum in the liver glycogen content 
of the guinea pig. When the data upon the animals sacrificed 
in the morning and in the afternoon are summarized, it is at 
once apparent that the two groups of animals show no significant 
or consistent differences, either on the basis of liver glycogen 
content or on the basis of any of the other factors involved. Fur- 
thermore, the data are such as to make it almost certain that 
confirmation of Petrén’s finding would not be obtained simply 
by increasing the number of animals studied at the two sacrifice 
periods. The logical procedure would be to investigate a suf- 
ficiently large number of animals sacrificed at short intervals 
throughout the 24 hours. Such an extensive investigation we 
are not prepared to carry out at the present time. For a discus- 
sion of the problem of daily rhythmic variations in mammals, 
the reader is referred to (among others) the recent articles of 
Deuel et al. (1938), Sjégren et al. (1938), and Petrén (1939), and 
to the monograph of Holmgren (1936). 

The guinea pigs in Series 2 and 3 were weighed upon their arrival 
from the breeding farm in order to obtain some idea of the rate 
at which they gained weight under laboratory conditions when 
all elements of the diet were available in excess at all times. Series 
2, maintained for 6 weeks, gained weight at the rate of from 
4.5 to 7.9 gm. per day, average 5.9; Series 3, maintained for 3 
weeks, gained weight at the rate of from 4.8 to 7.2 gm. per day, 


average 5.9. 
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SUMMARY 


Systematic data are presented upon the normal values of glyco- 
gen, fat, and water content of the livers of well nourished male 
guinea pigs. Animals sacrificed in the morning (9 a.m.) and 
afternoon (3 p.m.) show no significant differences on the basis of 
any of the factors investigated. 
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THE METAPHOSPHORIC ACID-PROTEIN REACTION * 


By DAVID R. BRIGGS 


(From the Division of Agricultural Biochemistry, University of Minnesota, 
St. Paul) 


(Received for publication, March 1, 1940) 


Metaphosphoric acid is a strong precipitating agent for water- 
soluble proteins. This property, analytically, serves to distin- 
guish it from the other phosphoric acids. The acid bound by the 
protein is carried down with the precipitate and is thereby sepa- 
rated from the acid left unbound. Schofield (1) has suggested 
that this property be utilized in the determination of the acid- 
binding capacity of proteins and Samuel and Schofield (2) have 
used such a method for estimating the acid-binding capacity of the 
proteins of wheat flour. 

Herrmann and Perlmann (3) have reported that the maximum 
number of phosphorus atoms thus bound by an egg albumin 
molecule is very nearly equal to the number of positively charged 
groups ascertained to be present in the protein molecule by other 
methods. They state (4) that, as egg albumin is precipitated by 
metaphosphoric acid, both the amount of precipitate and the 
phosphorus content of the precipitate increase to maxima as 
increasing amounts of metaphosphoric acid are added to a given 
amount of protein. 

It is the purpose of this paper to record some observations on 
metaphosphoric acid and its protein combination complex which 
are of interest in relation to this apparently stoichiometric reac- 
tion of metaphosphoric acid with proteins. 

Metaphosphate Reagent—Samuel and Schofield (2) made titra- 
tion curves on a number of commercially obtainable samples of 


* Contribution from the Division of Agricultural Biochemistry, Uni- 
versity of Minnesota and the Otho 8. A. Sprague Memorial Institute, 
University of Chicago. Paper No. 1753, Journal Series, Minnesota Agri- 
cultural Experiment Station. 
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glacial phosphoric acid and found two buffer ranges centering in 
the regions of pH 2 and 7. Metaphosphoric acid is known to 
be polymerized and they interpreted these buffer regions as evi- 
dence of the existence of at least two different types of polymers 
in the glacial acid. Variations in the buffer capacities in these 
two regions, from sample to sample, they interpreted as due to 
variations in the relative amounts of these two types of polymers 
present. 
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Fig. 1. Titration curves for 0.8 gm. of glacial metaphosphoric acid 
(Merck) in 100 cc. of solution before (Curve 1) and after (Curve 2) hy- 
drolysis. N NaOH was used in the titration. 


That a different explanation of these observations is possible 
is shown by the titration curves in Fig. 1. Curve 1 was made on 
a sample of freshly dissolved glacial metaphosphoric acid (Merck). 
0.8 gm. of the glacial acid per 100 cc. of solution was titrated with 
n NaOH. Curve 2 was made upon an equal amount of the glacial 
acid after its solution had been boiled for 1 hour (volume kept 
constant). As is known, under this treatment the meta acid is 
hydrolyzed completely to the ortho acid. From these curves it 
is apparent (1) that the same acid (ortho) was being titrated in 
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both cases, (2) that base (some sodium must always be present 
in glacial metaphosphoric acid, otherwise the glass will not form) 
was present in an amount necessary to neutralize exactly one- 
half of the Ist hydrogen atom of the orthophosphoric acid present 
after complete hydrolysis of the sample, and (3) that one-half of 
the P in the glacial acid was originally present as orthophosphoric 
acid and one-half was present as metaphosphoric acid, apparently 
as the sodium salt (results were within 2 per cent of this propor- 
tion calculated on the basis of titration curves and the weight of 
the sample used). Titration of samples from other sources show 
that this almost exactly 1:1 ratio of ortho and meta acids is sel- 
dom encountered; hence, the differences in the buffer capacities 
of the samples in the two ranges. 

The hydrolysis of metaphosphoric acid to orthophosphoric 
acid is markedly catalyzed by hydrogen ions. Because of varia- 
tion in the meta acid content of commercial preparations and 
because, upon standing at laboratory temperatures, solutions of 
these preparations, being acidic, slowly lose their meta acid con- 
tent (and, therefore, their property of causing precipitation of 
soluble protein), it has been suggested (5) that improvements 
in the usefulness of this reagent can be obtained if the metaphos- 
phoric acid is prepared as a slightly alkaline solution of its sodium 
salt. 

Sodium metaphosphate of negligible ortho- or pyrophosphate 
content is readily prepared by heating NaH,PO,-H,O to a tem- 
perature beyond the fusion point (616°) for a short period of time 
(30 minutes at 750° cause no detectable decomposition of the 
Na metaphosphate). The glass formed upon cooling is slowly 
soluble in water and its solutions give none of the qualitative 
tests for pyro- or orthophosphoric acid. Conductivity data ob- 
tained at various dilutions in water solution indicate a high 
degree of polymerization to be characteristic of this material. It 
is possibly the hexametaphosphate (NaPO;), described in the 
literature. 

Because the commercial metaphosphoric acid is found to be a 
mixture (with orthophosphoriec acid) of uncertain composition, 
this “‘glass’’ form of sodium metaphosphate has been chosen as 
the metaphosphate reagent in these experiments. The pH of 
an aqueous solution of sodium metaphosphate (0.1 N) was found 
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to be the same as that of the NaH,PO, from which it was pre- 
pared; i.e., pH 5.5. A titration curve made with a sample of 
the metaphosphate, however, showed that the buffer range of 
the 2nd and 3rd hydrogen atoms of the ortho acid had totally 
disappeared, while the buffer range of the 1 hydrogen atom of the 
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Fic. 2. Titration curves of (Curve 1) a solution containing 2 X 10° 
equivalent of sodium metaphosphate in 100 cc. of water, (Curve 2) a solu- 
tion containing 1 gm. of serum albumin in 100 cc. of water, (Curve 3) a 
solution containing 1 gm. of serum albumin plus 0.7 X 10-* equivalent of 
sodium metaphosphate in 100 ec. of water, and (Curve 4) a solution con- 
taining 1 gm. of serum albumin plus 2 X 10-* equivalent of sodium meta- 
phosphate in 100 cc. of water. N NaOH or n HCl was used in the titrations. 


metaphosphoric acid approximated closely that of the Ist hydro- 
gen atom of orthophosphoric acid (Curve 1, Fig. 2). 

Protein Reagent—The protein used in these experiments was 
cow serum albumin, precipitated (after removal of the globulins) 
by saturated (NH,)2SO,, dialyzed, and electrodialyzed free of 
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electrolytes. Its isoelectric point as shown by the pH of its com- 
pletely electrodialyzed solution, and confirmed by cataphoresis 
measurements, was at pH 4.98. Curve 2, Fig. 2, is the titration 
curve for a solution of this protein. 


Protein-M etaphosphate Reaction 


When small increments of a 0.1 N solution of Na metaphosphate 
(brought to pH 5.0 by addition of a trace of HCl) are added to a 
1 per cent solution of the protein, the solution remains clear and 
it is found that the pH changes toward the alkaline side in a 
manner shown in Fig. 3; that is, there is an abrupt rise in pH to 
about 6.2 upon addition of the first small increments of meta- 
phosphate, followed by a slow drop in pH until no further change 
occurs after addition of 20 cc. of the 0.1 N solution (2 milliequiv- 
alents of (NaPO;), per gm. of protein). If, now, this clear solu- 
tion is titrated with HCl, it is found that the titration curve of 
the mixture follows a course quite different from that of the 
original protein (Curve 4, Fig. 2), and that the solution becomes 
cloudy at a pH of 5.2, followed by a heavy precipitation of the 
protein as the pH is decreased. Addition of greater amounts of 
the sodium metaphosphate causes no appreciable change in the 
course of this titration curve. If, however, a titration curve is 
followed through when only 7 ce. of 0.1 N metaphosphate (0.7 
milliequivalent of (NaPO;), per gm. of protein) have been added, 
it is found to follow the course given in Curve 3, Fig. 2. 

The titration curve of the protein-metaphosphate is reversible. 
No denaturation of the protein occurs through the action of the 
metaphosphate, as is evidenced by the fact that, when the solu- 
tion containing protein and metaphosphate is dialyzed at 
pH > 7, the metaphosphate is readily removed and the protein 
is obtained with all of its original properties unchanged. When 
dialysis is carried out at pH < 4.5, however, it is not possible to 
remove the metaphosphate quantitatively. Electrodialysis under 
these conditions leads to a strong denaturation of the protein. 

The titration curves in Fig. 2 show the following relationships. 
(a2) When protein and metaphosphate are allowed to react, 
there appears a pronounced buffer segment in the titration curve 
of the mixture located in a pH range in which neither of the 
reagents alone shows any marked buffer capacity. The mid- 
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point of this buffer segment of the titration curve of the mixture 
is at pH 5.2 and extends from pH 3.5 to 7.0, coinciding at the lat- 
ter point with the point of inflection on the titration curve of 
the original protein (in the absence of metaphosphate). (6) 
This new buffer segment becomes increasingly pronounced as the 
amount of metaphosphate in the mixture is increased, until a 
maximum is attained, beyond which further addition of meta- 
phosphate has little or no effect upon the course or extent of the 
buffer curve in this region of pH. The amount of acid or base 
required to titrate this buffer segment of the titration curve is 
found to be approximately 166  10~* equivalent per gm. of the 
protein when the metaphosphate content of the mixture is greater 
than 200 X 10~-° equivalent per gm. of protein. When much 
léss metaphosphate than this amount is present, this buffer seg- 
ment is of a correspondingly lower extent (Curve 3, Fig. 2). 

It may be concluded from these data that the reaction of meta- 
phosphate with protein is of the double decomposition type, 
involving the ionizable basic groups on the protein through the 
formation of a protein metaphosphate with extremely low dis- 
sociation tendency. A low but definite excess of metaphosphate 
is required for the maximum development of this masking effect 
of the basic groups of the protein. The displacement of the pH 
range in which the acidic groups of the protein can be titrated 
when the basic groups are thus bound by the metaphosphate 
may be explained upon the assumption that, when the basic 
groups are masked, the dissociation constant of the acidic groups 
becomes lower. A parallel observation on the shift in the disso- 
ciation constant of the basic group of glycine is encountered when 
the carboxyl group is esterified (6). 

On the basis of this explanation of the change in the disso- 
ciation constant of the acidic groups of the protein, the conclusion 
would be drawn that the buffer segment, centered at pH 5.2, 
represents the titration of the —-COOH groups of the protein. 
In terms of the zwitter ion theory, it is a measure of the acid- 
binding capacity of the protein. The equivalents of base or 
acid required to titrate this buffer segment, 166 x 10~° equiv- 
alent, approximate fairly closely the acid-binding capacity of 
serum albumin. Pauli and Valké (7) state the acid-binding ca- 
pacity of serum albumin to be 155 X 10-5 equivalent per gm. of 
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protein (the average of several reported values ranging from 147 
xX 10-* to 167 XK 10-5 equivalent). 

Such an explanation of the shift in the dissociation constant 
of the acid groups of the protein would necessarily imply a very 
strong bonding between the basic groups of the protein and the 
metaphosphate ions. It would be expected that a similar effect 
would be observable in the case of an amino acid. It is found, 
however, that the titration of glycine in the presence of sodium 
metaphosphate shows no such displacement of the titration 
range of the —COOH groups of the amino acid. Titration curves 
of other proteins, e.g. egg albumin and casein, in the presence of 








| wae 
l GM PROTEIN 
+ 


5 10 1S 20 








Fie. 3. Change in pH of a salt-free 1 per cent serum albumin solution 
(isoelectric point, pH 4.98) when increments of sodium metaphosphate 
(adjusted to pH 5.0) are added. 


(NaPO;), all show similar buffer segments not present in the titra- 
tion curve of the protein or the metaphosphate alone. The ex- 
tent of such buffer segments in the cases of all proteins studied 
corresponds very closely to the accepted acid-binding capacities 
of the proteins. The whole phenomena of metaphosphate-bind- 
ing by proteins seems to be intimately associated with the 
polyvalent character of the protein and of the metaphosphate 
(polymerized) rather than some specific attraction between amino 
groups and the metaphosphate ion. Nevertheless, the amino 
groups are involved in the reaction, since they are so strongly 
masked in the complex. 

That the protein-metaphosphate complex has many of the char- 
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acteristics of a complex coacervate (or flocculate), as studied and 
defined by de Jong (8), is indicated by the observation of Koets.! 
Polyvalent electrolytes commonly have the property of causing 
a phase separation (as coacervate or flocculate) when added in 
relatively small amounts to solutions of lyophilic colloids bearing 
a charge opposite to that of the polyvalent ion of the electro- 
lyte. That the metaphosphate exists as an electrolyte with a 
high valent anion, as a result of its polymerizing tendency, is 
evident from the conductivity data mentioned above. 

A characteristic of coacervation in general is the dissolving 
action of added neutral salts. Perlmann and Herrmann (4) 
observed this action of neutral salts upon the metaphosphate 
egg albumin precipitate. Koets found the same effect in the 
case of serum albumin precipitated by a minimal amount of 
metaphosphoric acid. With higher concentrations of metaphos- 
phate, reversal of the precipitation by neutral salts was not pos- 
sible, however. 

De Jong and van der Linde (9) have found that with various 
polyvalent ions of charge opposite to that of a colloid electrolyte 
the amounts of such ions bound by unit weight of the colloid, 
when the electrokinetic potential of the resulting coacervate was 
reduced to zero value, were equivalent (pH held constant). 
Also, the number of equivalents of the polyvalent ion required 
in such cases bore a nearly constant ratio to, and was consistently 
greater than, the number of equivalents of replaceable ions pres- 
ent per unit weight of the colloid. Increasing the concentration 
of the polyvalent salt results in a further binding of the polyvalent 
ion within the complex. A reversal of charge of the colloid phase 
then results if the pH is held constant. There is always a definite 
amount of the polyvalent salt (left) in the equilibrium liquid in 
contact with the precipitated phase. While it is probable in all 
such cases that primary electrovalences are involved in the 
coacervate formation, the relationship between the amount of 
polyvalent crystalloid ion bound per unit weight of colloid and 
the amount of polyvalent ion remaining in the equilibrium 
solution is described by an adsorption isotherm. 

When metaphosphate is added to a protein, it is found that the 


1 Koets, P., private communication. 
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isoelectric point of the colloid phase is shifted markedly toward 
the acid range of the isoelectric point of the original protein. The 
extent of this shift is a function of the amount of metaphosphate 
present per unit amount of protein. If the amount of metaphos- 
phate which is required to shift the isoelectric point of the pro- 
tein-metaphosphate complex to any chosen pH value is deter- 
mined for varying concentrations of serum albumin and for vari- 
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Fia. 4. Total metaphosphate needed to bring the isoelectric point of the 
protein-metaphosphate complex to the indicated values of pH as the total 
concentration of protein is varied. 


ous pH values, a set of curves is obtained as shown in Fig. 4. It 
is found that, with varying protein concentrations maintained 
at a given pH, the amounts of total added metaphosphate re- 
quired to bring the cataphoretic motion of the precipitated par- 
ticles to zero all lie on a straight line which cuts the axis (cor- 
responding to metaphosphate concentration) at a point above the 
origin. As the pH (isoelectric) is made more acid, the slope of 
the line and the point at which it cuts this axis both increase. 
The slope of the straight line obtained is proportional to the 
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equivalents of metaphosphate bound per unit weight of protein 
and the intercept on the metaphosphate-concentration axis is 
a@ measure of the equivalents per liter of metaphosphate present 
in the equilibrium liquid. 

By plotting the equilibrium concentration (C) of metaphos- 
phate against the amount bound by unit weight of protein (X), 
a Freundlich adsorption isotherm is obtained. The data do not 
fit the Langmuir adsorption isotherm. The log-log curve is a 
straight line with a slope closely approximating a value of 0.5, 
which indicates that the amount of PO; bound by unit weight of 
the protein varies as the square root of the equilibrium concen- 
tration; i.e... X = K./C. This is not in accord with the conclu- 
sion of Perlmann and Herrmann that a maximum in the PO, 


TaBie I 
Amount of PO; Bound per Gm. of Serum Albumin and Concentration of PO; 
in Equilibrium Liquid Which Will Bring the Protein-Metaphosphate 
Complex to Isoelectric Reaction at Various pH Values 


Read from Fig. 4. 


NS a ee 45 | ao | 35 | 30 | 25 | 20 | 18 











Equilibrium concentration 
of POs, m.eq. per 1000 cc..| 0.002, 0.010 0.020' 0.032) 0.064 0.132 0.204 
PO; bound, m.eq. per gm. | | 
NG £005 < «cued ean | 0.46 1.07 1.46 | 1.84 | 2.64 3.65 4.51 


bound is reached when the PO;:NH;z ratio is 1. Table I gives 
the numerical values of the equilibrium concentration of PO, 
and the amounts of PO; bound by 1 gm. of protein as obtained 
graphically from Fig. 4. 


DISCUSSION 


From that which is so far known of the metaphosphate-protein 
reaction, it can best be regarded as a complex in which the nega- 
tive multivalent (polymerized) metaphosphate ion is linked to 
the positive (amino) groups of the protein by a salt-like bond of 
very low ionizing capacity. 

When neutral sodium metaphosphate is added to isoelectric 
salt-free protein, the first increments are bound almost com- 
pletely, the equilibrium concentration of metaphosphate in solu- 
tion being almost negligibly small. Because of the low ionizing 
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(dissociation) tendency of the protein-metaphosphate, a shift in 
the isoelectric point of the complex toward the acid range takes 
place. As the amount of added Na metaphosphate is increased, 
the amount bound by the protein increases, following an adsorp- 
tion isotherm, and the isoelectric point is shifted further toward 
the acid range (the basic groups being strongly masked by the 
metaphosphate). The fraction of the positive ions of the poly- 
valent metaphosphate polymer which is replaced by the amino 
groups of the protein decreases as the total metaphosphate pres- 
ent increases so that the ratio, POs: NH», increases continuously 
with increase in metaphosphate. 

In the case of serum albumin, by the time the equivalent con- 
centration of metaphosphate added has reached 2 X 10-* per gm. 
of protein (in 100 ce. of water), the number of amino groups com- 
bined with (masked by) metaphosphate has reached close to a 
maximum. More metaphosphate added still leads to an added 
amount of metaphosphate bound but this increase results from 
a lower number of protein (7.e. amino) groups binding each mole- 
cule of metaphosphate polymer. A limit should theoretically 
be reached when one metaphosphate polymer is combined with 
each amino group in the protein.? 

The strong masking of the amino groups of the protein by the 
metaphosphate apparently leads to a change in the dissociation 
constant of the carboxyl groups of the protein and to the appear- 
ance of a buffer segment in the titration curve of the complex 
which is not present in the titration curve of either component 
alone. The extent of this new buffer segment is very nearly 
equal to (slightly greater than) the accepted acid-binding capac- 
ity of the protein and probably represents the titration range of 
the acidic groups of the protein (though in a different pH range 
from that which is characteristic of the titration of the acid groups 
of the original protein on the basis of the zwitter ion theory). 


SUMMARY 


The PO; content of the protein-metaphosphate complex de- 
pends upon the PO; concentration of the equilibrium liquid in a 
manner described by the adsorption isotherm. A salt-like, low 

* On the basis of this theory we would expect the metaphosphate binding 


by the protein to follow the Langmuir isotherm. Why it does not do so 
exactly but does follow the Freundlich isotherm cannot as yet be explained. 
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ionizing combination between the polyvalent metaphosphate 
ion and the basic groups of the protein is, however, clearly in- 
volved. 

Formation of this complex leads to a masking of the —NH, 
groups of the protein and a shift in the dissociation constant of 
the —COOH groups to a pH region in which they may be readily 
titrated. As the metaphosphate concentration is increased rela- 
tive to that of the protein, this buffer segment of the titration 
curve of the protein-metaphosphate complex reaches a maximum 
value which approximates closely the acid-binding capacity of 
the protein, while the amount of metaphosphate bound by the 
protein continues to increase in accord with the adsorption 
isotherm. 

That the phenomenon is of the nature of a complex flocculation 
is indicated by many properties of the complex. No similar reac- 
tion occurs between metaphosphate and amino acids or other low 
molecular weight substances containing single basic groups. 
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The absorption spectrum of vitamin B, (thiamine) has been 
determined by several investigators. It has been found by some 
(1) that two absorption bands are present with maxima at 2350 
and 2670 A. respectively, whether the solvent is alcohol or water, 
but others have reported only a single absorption band around 
2450 to 2470 A. It is now clear that this lack of agreement is 
due to the fact that the absorption spectrum of thiamine is a 
function of the hydrogen ion concentration, the two maxima 
appearing for a pH of 7 or greater and only one at a pH of 5.5 
or less (2). That the absorption behavior of thiamine may be 
attributed to its pyrimidine component is suggested by recent 
studies (3) on a number of 6-aminopyrimidines in acid and alka- 
line media, in which there was observed a similar change of 
absorption; the thiazole portion of the thiamine molecule ex- 
hibits a single absorption band around 2530 4.(4). Holiday (2) 
found thiamine to obey Beer’s law for the narrow range of con- 
centrations investigated, within the limits of error of his measure- 
ments (+2 per cent). 

In the present study, the variation in absorption with pH for 
the pyrimidine component of thiamine has been measured as a 
prelude to the subsequent photochemical investigation. A sample 
of 2-methyl-5-ethoxymethyl-6-aminopyrimidine, obtained from 
Merck and Company through the courtesy of George W. Lewis, 
and referred to hereafter as simply “pyrimidine,” has been used 
for all the reported measurements. The data have been obtained 
with a medium Hilger spectrograph and Spekker photometer, a 
tungsten steel spark source, Eastman No. 33 plates, and 1 cm. 
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absorption cells. The concentration employed was 6.25 x 
10 wu. At pH 4.8, 5.9, 6.4, and 7.0, phosphate buffer solu- 
tions were used, the pH values being measured with a glass elec- 
trode. For the curves labeled pH 1.5 and 13.0, we used a m/15 
H;PO, solution and a 2 per cent solution of KOH, respectively, 
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Fic. 1. The absorption spectrum of 2-methyl-5-ethoxymethy]-6-amino- 
pyrimidine as a function of pH. 


The results are shown in Fig. 1 for the wave-length range 
2200 to 3000 A., where the value of the molecular extinction coef- 
ficient (€) is plotted as the ordinate. €« is defined by the equation 


. cd - I 


where c is the concentration in gm. moles per liter, d is the path 
length in cm., and J» and J are the incident and transmitted in- 
tensities, respectively. It will be seen that two absorption 
bands are present at a pH of 7.0 or more, while only one is pres- 
ent at a pH of 1.5. The region of most rapid change in absorp- 
tion with pH lies between the values 5.5 and 7.0, in agreement 
with the finding for thiamine (2). Because solutions in distilled 
water may readily undergo changes in pH owing to CO, uptake 
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from the atmosphere, it was essential to buffer solutions in order 
to maintain known and constant absorption characteristics. 
Similarly, as subjecting solutions of pyrimidine to radiation might 
alter the hydrogen ion concentration, the precaution of using a 
buffer to keep the absorption behavior constant for the unchanged 
pyrimidine seemed doubly advisable. Beer’s law was found to 
be obeyed within the limits of error of the measurements for the 
concentrations upon which the photochemical yields are based. 
































SPECTRA OF IRRADIATED PYRIMIDINE 
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Fic. 2. Absorption spectra of irradiated thiamine “‘pyrimidine.’’ See 
Table I for values of absorbed energy. 


During ultraviolet irradiation of a 12.5 X 10-° m solution of 
the 2-methy]-5-ethoxymethyl-6-aminopyrimidine, its absorption 
spectrum undergoes the changes shown in Fig. 2, where the ex- 
tinction coefficient, k, represents the product of « and c. The 
radiation was furnished by a low pressure mercury discharge tube 
(Hanovia Sc-2537) emitting almost solely the \ 2537 A. line of 
mercury. The energy incident on the solution for the various 
time intervals indicated on the curves is given in ergs per ce. in 
Column 2 of Table I. A steady decline in the absorption maxi- 
mum can be noted until finally all selective absorption disappears. 
This signifies the decomposition of the unsaturated pyrimidine 
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ring structure, since the presence of double bonds in the ring 
always results in selective absorption in the range 2400 to 2700 A. 
Just what the breakdown products are is not known, with the 
exception of ammonia nitrogen. A test for ammonia by ness- 
lerization gave a yield which could be accounted for by about 
one-third of the amino nitrogen present in the molecule being 
split off and suggested that the amino and possibly other side 
groups were frequently split off before actual decomposition of 
the ring structure itself. A convenient and sensitive reaction 
for testing this hypothesis is available in one of the biological 
assay methods for thiamine and will now be described. 








TaBie [ 
Absorption Data for Irradiated ‘‘Pyrimidine”’ 
Exposure Incident energy ey — A.) | 2a me ‘oars, 
time solution ae solution Per 
(1) (2) (3) (4) (5) (6) 
min. ergs per ce. per cent per cent 
0 0.0 1.33 1.33 | 95.3 95.3 
7.5 0.763 X 107 / 1.19 93.4 
aa 1.526 X 107 1.04 0.70 90.9 80.0 
30 3.052 X 107 0.90 0.39 87.4 59.2 
60 6.152 X 107 | 0.54 0.11 71.2 22.5 
0 | 9.261 x 107 0. 0.02 48.7 4.7 
120 12.364 X 10’ 0.17 0.00 32.4 0.0 





It has been shown (5, 6) that the fungus, Phycomyces blakes- 
leeanus, can develop quite as efficiently when administered equi- 
molecular quantities of the two components of vitamin B, as 
when given the thiamine itself. The dry weight of the cul- 
tures was found to be a function of the concentration, so that a 
method of assaying thiamine can be based on the growth charac- 
teristics of the fungus. Similarly, an assay for the concentration 
of either thiamine component can be carried out when the concen- 
tration of the other is known. In the case of the thiamine 
“pyrimidine,” inactivation may mean only the removal of either 
the 6-amino group or the 5-ethoxy group from the ring rather than 
a breakdown of the ring itself, as each of the two groups men- 
tioned has been shown to be essential for growth (6, 7). Since 
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the decomposition of the ring itself is reflected in the loss of 
selective absorption, these two types of photochemical inactiva- 
tion may be distinguished experimentally. 


EXPERIMENTAL 


In our investigation, each liter of nutrient solution contained 
100 gm. of dextrose (cerelose), 4.0 gm. of l-asparagine, 1.5 gm. 
of KH2PO,, and 0.5 gm. of MgSO,-7H;O in redistilled water, 
together with 4-methyl-5-6-hydroxyethylthiazole to give a con- 
centration of 0.5 X 10-7 m. This concentration of the thiamine 
“thiazole’’ was maintained constant for all determinations of 
the thiamine ‘“‘pyrimidine.”’ The latter was prepared as a stock 
solution at 12.5 X 10-° M, buffered at pH 4.8 in a m/15 solution 
of KH:PQO,, and the irradiation exposures were made at this 
concentration. For the control growth curves, the “pyrimidine”’ 
concentration in the nutrient medium was varied from 0.5 X 107" 
m down to zero. After 25 cc. of nutrient solution were added to 
each of ten 125 cc. Erlenmeyer flasks and the contents sterilized 
for 12 minutes at 15 pounds pressure, each flask was inoculated 
with 2 drops of a sterile spore suspension from cultures of Phycomy- 
ces blakesleeanus, plus strain, which had been growing for 10 or 
more days on potato-dextrose-agar slants. The mature cultures 
in the flasks, having grown for 10 days in a dark oven at 23-24°, 
were autoclaved and the mycelial mats removed, washed, dried 
for 24 hours at 95-97°, and weighed. 

The control growth curves showing the average dry weight in 
mg. per culture flask as a function of the “pyrimidine” concen- 
tration for two different determinations are shown in Fig. 3. In 
the concentration range 0.0125 to 0.150 K 10-7 M, the dry weight 
is seen to be roughly proportional to the concentration. At still 
higher concentrations of “pyrimidine,” the growth became limited 
by the ‘“thiazole,’’ whose concentration was maintained constant 
at 0.5 X 10-7m. The rather high dry weight when no “pyrim- 
idine” was added was apparently due to slight traces of it present 
as an impurity in the dextrose or the asparagine; if no “‘thiazole”’ 
were added either, then the dry weight amounted to only 0.4 
mg. The asparagine was recrystallized twice from redistilled 
water. 

For the photochemical inactivation of the “pyrimidine,” a 
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cylindrical fused quartz irradiation cell with plane-parallel faces 
was filled with approximately 5 cc. of a 12.5 K 10~-* m solution, 
buffered at pH 4.8, and placed at a distance of 5.8 or 7.0 cm. from 
the low pressure mercury discharge tube, which operated on a 
sign transformer rated at 5000 volts, 100 milliamperes. The 
cell had an opening through which a motor-driven stirrer func- 
tioned continuously during irradiation. The radiation was in- 
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Fic. 3. Increase in dry weight of Phycomyces cultures as a function of 
‘pyrimidine’ concentration, with ‘“‘thiazole’’ concentration constant 
(two separate trials). 


cident on one of the two circular faces of the cell and its intensity 
was measured with a vacuum type thermopile. Since the thick- 
ness of the absorbing layer of solution was very nearly | cm. 
(1.0057 em.), the energy incident per sq.cm. also represented the 
energy incident per cc. of solution. 

At appropriate intervals during irradiation, a 0.05 cc. sample 
of the solution was withdrawn from the cell and its “pyrimidine” 
concentration determined by a Phycomyces assay based on the 
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culture procedure just outlined and on a comparison with the 
control growth curves. For this comparison, the growth for 
any given dose of radiation in the series was computed as a per- 
centage of the growth by a non-irradiated control for a concentra- 
tion of 0.25 X 10-7 mM, made during the same series; a similar 
calculation was made for the control series data plotted in Fig. 3, 
and the comparisons were then made on this percentage basis. 

The validity of the Phycomyces assay for irradiated pyrimidine 
was tested by growing three series of ten cultures differing only 
in that Series A contained 0.05 cc. of 12.5 K 10-* m unirradiated 
pyrimidine, Series B contained 0.05 ec. of the same solution ir- 
radiated for several hours, and Series C contained 0.05 cc. of 
each of these solutions. The growth in Series C was approxi- 
mately equal to the sum of the growth in Series A and B, indi- 
cating that the end-products of pyrimidine inactivation do not 
inhibit the growth of Phycomyces. 

In order to calculate the radiant energy absorbed at \ 2537 A. 
by the solution during an exposure interval, it was necessary to 
measure the absorption from time to time. This was done by 
interrupting the exposure and determining the absorption spec- 
trum with the Hilger Spekker photometer, securing curves like 
those of Fig. 2. With the incident energy and the per cent ab- 
sorption known as a function of time, the total energy ab- 
sorbed per cc. during an interval could be calculated. The value 
determined in this way represents not only the energy absorbed 
by the active ‘pyrimidine,’ but also by the various possible 
inactivation products. Since the concentration (c) of the active 
component is known from the Phycomyces assay, and its extinc- 
tion coefficient is equal to ec, where ¢ is the molecular extinction 
coefficient at \ 2537 A. obtainable from the top curve of Fig. 2, 
it is possible to calculate that portion of the energy absorbed by 
the active “pyrimidine.” The fraction in question is the ratio 
of the product (ec) just mentioned to the value of k determined 
from the curve in Fig. 2 after a particular period of irradiation. 


Results 


The data given in Table I represent the conditions of Fig. 2, 
but give in addition the total energy incident per cc., the per 
cent absorbed at 2537 A. by the solution (A/I»), and finally 
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the per cent of the incident energy per cc. which is absorbed by 
the active “pyrimidine” (A'/Jo) at the end of the time intervals 
indicated. 

Upon plotting the extinction coefficients for the inactive de- 
composition products as a function of wave-length for various 


TaBe II 
Quantum Yield Data for ‘‘Pyrimidine’’ Inactivation 





Average Total energy absorbed | 




















Ex- | , a by active pyrimidine in | 
posure | Putas | Exaotivated| Sbeorbed |__| @yatom 
| interval ee head Quanta per 
(1) (2) (3) (4) » | ® | @ 
min. mg. per flask per cent per cent 
0 131.6 + 1.7 0.0 0.00 0.0 | 
15 94.7 + 1.6 53.0 | 70.7 1.34 22.8 0.0232 
30 63.141.0 | 75.5 45.5 2.15 36.5 | 0.0207 
45 43.0 + 1.0 87.7 | 27.7 2.64 44.9 | 0.0195 
60 2440.8 9.8 | 17.5 | 2.95 | 50.2 | 0.0191 
9 | 29404 | 98.0 | 10.7 | 3.14 | 53.4 | 0.0183 
0 124.8 + 4.0 0.0 0.00 0.0 
28 73.3 41.0 65.0 65.9 | 2.16 36.7 | 0.017 
60 «= 35.4 41.3 94.0 25.3 3.10 51.8 | 0.0178 
90 26408 | 94 | 9.1 3.42 58.0 | 0.0171 
0| 128.7430 — 00 | 0.00 0.0 | 
30 | 64.3421 | 72.5 | 64.6 | 2.30 39.2 | 0.0187 
60 | 2942.1 | 9.0 | 23.9 | 3.14 58.0 | 0.0181 
90 17.9409 | 100.0 | | 
0 124.1 + 1.3 | 0.0 0.00 0.0 | 
100 67.2 + 0.7 70.0 64.2 2.38 | 40.5 | 0.0173 
15 | 579406 | 768 | 29.8 | 2.66 | 45.2 | 0.0170 
150 | 43.540.7 | 85.8 23.4 2.88 48.9 | 0.0175 
0; 112.541.4 | 0.0 | 0.00 | 00 | 
90 £69.140.7 | 63.4 | 65.6 2.18 | 37.0 | 0.0171 
120 | 51.3409 | 7.5 321 © 2.53 | 43.0 0.0180 
150 45.441.4 82.0 24.0 2.79 47.4 | 0.0174 
a Ts alll waa dies Clin an ah ek ap mran | 0.0184 





times of irradiation, it was found that they exhibited selective 
characteristics. This indicates that inactivation has resulted 
from the splitting off of radicals from the 2-methyl-5-ethoxy- 
methyl-6-aminopyrimidine as well as from a breakdown of the 
ring structure. The more probable reaction would seem to be 
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the removal of the essential amino group rather than the ethoxy- 
methyl group, since it is known that the C—N bond is much 
weaker than the C—O bond. That ammonia is a common de- 
composition product of irradiated amino acids (8) gives some in- 
dication of its probability of detachment from organic molecules. 

Quantum yields for the inactivation of the essential “pyrim- 
idine’” have been calculated from five different irradiation 
trials, a summary of which is given in Table II. The dry weight 
in each case is the average for ten flasks (in the fourth and fifth 
trials, for fifteen to thirty flasks) and the probable errors are 
given in each case. Column 4 represents the average in per cent 
of the incident energy absorbed by the active “pyrimidine” during 
the respective irradiation intervals, while Columns 5 and 6 give 
the total energy absorbed in joules per cc. for various irradiation 
times and the quanta absorbed per molecule of “pyrimidine” 
initially present, respectively. The last column shows the quan- 
tum yield at 2537 A. as determined for each interval separately. 
The average value is seen to be 0.0184, which means that on the 
average only 1 molecule is inactivated for every 54 quanta 
absorbed. 

Earlier studies (9, 10) on the effect of ultraviolet radiation upon 
substances containing the pyrimidine ring have been based entirely 
on changes in their absorption spectra. This has led in the case 
of nucleic acid to the conclusion that it is very stable, having 
suffered almost no change in its absorption spectrum after an 
hour’s exposure to the full radiation of a mercury are under con- 
ditions presumably yielding a greater ultraviolet energy than is 
found in the present work to be sufficient for completely inacti- 
vating the “pyrimidine.” This conclusion seems unjustified, 
because the pyrimidine and purine constituents of nucleic acid, 
being held to the molecule through C—N linkages, may be split 
off and the solution would still continue to give the characteristic 
absorption spectrum of nucleic acid. This latter statement is 
based on the fact (11) that the molecular extinction coefficient 
of nucleic acid is equal to the sum of the coefficients of its con- 
stituents, at least approximately. 


The writers wish to express their gratitude to Dr. L. J. Stadler 
for his interest, to Mr. Louis A. Fourt for technical assistance, and 
to the University Research Council for a grant. 
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SUMMARY 


The absorption spectrum of 2-methyl-5-ethoxymethyl-6-amino- 
pyrimidine has been found to vary with pH in the same manner 
as that of thiamine (vitamin B,), and is evidently responsible for 
the behavior of the latter. 

The photochemical decomposition of this thiamine “pyrim- 
idine” at ) 2537 A. has been demonstrated by its loss of selective 
absorption and its inability to support the growth of Phycomyces 
cultures. 

The quantum yield for inactivation, when inactivation results 
from changes in side groups as well as from a breakdown of the 
ring structure, has been found to be 0.0184. 
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In an effort to test the validity of the hypothesis that phos- 
phorylation is concerned with the selective absorption of certain 
hexoses, Verzir and Siillmann (1) studied the effect of the ab- 
sorption of sodium chloride, glucose, fructose, galactose, mannose, 
and glycerol on the concentration of several fractions of the acid- 
soluble phosphate in the intestinal mucosa. Their data show 
that the concentration of the organic acid-soluble phosphate that 
accompanied the absorption of hexoses and of glycerol exceeded 
the concentration that was observed during the absorption of 
sodium chloride. However, since the order of the increases that 
were observed did not correspond with the order of the velocity of 
absorption of the respective hexoses, it was concluded that no 
statement could be made concerning the specificity of these 
changes. Such a comparison may have been affected by the 
occurrence of side reactions which involve phosphorylation and 
which may have differed in the case of the different sugars. Also, 
some of the hexoses employed form monophosphoric acid esters, 
while at least one (fructose) may form a diphosphoric acid ester. 
These considerations raise some doubt as to the significance of a 
comparison between the rates of absorption of several sugars and 
the concentration of the several fractions of the acid-soluble phos- 
phate in the intestinal mucosa. 

A recent study by Althausen and Stockholm (2) makes possible 
a different approach to this problem. These workers demon- 
strated that the administration of thyroxine to rats markedly 


* Aided by a grant from the Christine Breon Fund for Medical Research. 
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increased the rate of absorption of substances susceptible to 
phosphorylation, such as glucose, galactose, and oleic acid, and 
that thyroidectomy decreased the rate of absorption of glucose. 
Accelerated emptying time of the stomach, increased basal meta- 
bolic rate, increased rate of blood flow, hyperperistalsis, and in- 
creased permeability of the mucosa were ruled out as factors ac- 
celerating the rate of absorption of glucose in the rat treated 
with thyroxine. It was suggested that thyroxine increases in- 
testinal absorption through stimulation of the phosphorylation 
mechanism. 

In this connection it was thought that it might be more signifi- 
cant to compare the concentrations of the several fractions of the 
acid-soluble phosphate in the intestinal mucosa during the ab- 
sorption of a single hexose (glucose) under conditions of acceler- 
ated, normal, and retarded rates of absorption. A positive cor- 
relation between the concentration of phosphates in the mucosa 
and the rate of absorption would support the hypothesis that 
phosphorylation is a process concerned with the selective absorp- 
tion of certain hexoses. A lack of correlation need not militate 
against such a hypothesis, since it is possible that the concentra- 
tions of the several fractions of phosphate are governed by a 
steady state that is not greatly influenced by changes in the rate 
of absorption. 


EXPERIMENTAL 


Female rats weighing between 180 and 200 gm. were employed 
throughout this investigation. In order to clear the intestine of 
food residues, the animals were fasted in a metabolic cage during 
a period of 48 hours.'. They were then given, by means of stom- 
ach tube, 3 ec. of a 20 per cent solution of glucose. This amount 
of glucose is more than the animal is able to absorb during a 
period of 45 minutes. 3 cc. of an isotonic solution of sodium 
chloride were given to a control group of rats. 45 minutes after 
administration of glucose or sodium chloride the animals were 
sacrificed, the intestines were removed, and the mucosal surface 
was rapidly washed with two 5 cc. portions of a cold isotonic 

1 It was found necessary to administer a cube of sugar after the first 


24 hours of fasting to prevent death in the thyroxinized animals. The 
normal and thyroidectomized animals received the same treatment. 
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solution of sodium chloride.2/ The mucosa was scraped from the 
intestine, frozen with solid carbon dioxide, and pulverized. All 
operations were conducted as rapidly as possible in order to 
prevent hydrolysis of phosphate esters. 

A portion of the finely powdered mucosa was reserved for 
determination of the water content. Another portion (1 to 2 
gm.) was weighed in a tared bottle that contained 24.0 cc. of a 
10 per cent solution of trichloroacetic acid. The mixture was 
triturated for 15 minutes and filtered. Such a procedure yielded 
a clear, protein-free filtrate. The directly determined acid-sol- 
uble phosphate, the total acid-soluble phosphate, and, by dif- 
ference, the organic acid-soluble phosphate were determined by 
the method of Fiske and Subbarow (3). In addition to inorganic 
phosphate, the directly determined phosphate contains about 5 
per cent of phosphate that results from the hydrolysis of creatine 
phosphate (1). Lohmann’s method (4) was used to characterize 
the organic acid-soluble phosphate. According to this method, 
the trichloroacetic-acid filtrate is hydrolyzed by 1 nN hydrochloric 
acid at 100° for varying lengths of time. The intervals of time 
that were employed in this work were 7, 30, and 180 minutes. 
The concentration of phosphate that was liberated by 180 minutes 
of acid hydrolysis is referred to as the easily hydrolyzed organic 
acid-soluble phosphate. The difference between the concentra- 
tions of the organic acid-soluble phosphate and the easily hy- 
drolyzed organic acid-soluble phosphate is referred to as the 
difficultly hydrolyzed organic acid-soluble phosphate. 

Such analyses were carried out, in groups of ten animals, on 
normal, hyperthyroid, and hypothyroid rats after the administra- 
tion of glucose, and on normal rats after the administration of 
sodium chloride. Animals were rendered hyperthyroid by the 
daily intraperitoneal injection of 0.1 mg. of thyroxine per 100 
gm. of weight for 12 days prior to the absorption experiments. 
A second group of animals was rendered hypothyroid through 


*Many of the intestines, particularly those of the thyroidectomized 
animals, contained a substance (possibly bile salts) which interfered with 
the estimation of the directly determined phosphate. The substance can 
be removed adequately by washing with two 5 cc. portions of a cold isotonic 
solution of sodium chloride. Such washings do not cause a perceptible 
change in the concentration of the acid-soluble phosphate. 
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surgical removal of the thyroid gland.* The operation was per- 
formed at least 3 weeks prior to the experiment. 

In an effort to accentuate the differences obtained by the 
analyses of the mucosa of the whole intestine, a comparison wag 
made of the concentrations of the several fractions of the acid- 
soluble phosphate in the mucosa of the upper quarter and the 
lower three-quarters of the intestine during the absorption of 
glucose at an accelerated rate (thyroxinized animal). In order 
to obtain sufficient mucosa from the upper portion of the intestine 
it was necessary to pool the samples of four animals. The data 
for the lower three-quarters likewise represent the results of the 
analyses of the pooled samples of four animals. Results are also 
reported for a similar experiment conducted on the normal animal 
during the absorption of sodium chloride. 


Results 


The data obtained by analysis of the mucosa of the whole 
intestine in the four groups of animals are presented in Table I. 
In the next to the last column the acid-soluble organic phosphate 
is expressed as per cent of the total acid-soluble phosphate and 
in the last column the easily hydrolyzed organic acid-soluble phos- 
phate is expressed as per cent of the organic acid-soluble phos- 
phate. Inasmuch as no changes occurred in the concentrations 
of the 7 and 30 minute acid-soluble phosphates that were not 
accounted for by the changes in the concentration of the easily 
hydrolyzed (180 minute) acid-soluble phosphate, only the latter 
values will be considered in the discussion. 

A comparison (Table I) of the concentrations of the several 
fractions of the acid-soluble phosphate of the intestinal mucosa 
during the absorption of glucose in the normal, thyroxinized, and 
thyroidectomized female rat shows the following. (a) Regard- 
less of the rate of absorption of glucose, the organic acid-soluble 
phosphate constitutes an invariable portion (65 per cent) of the 
total acid-soluble phosphate. It follows that the small variations 
in the concentrations of the directly determined acid-soluble phos- 
phate and the organic acid-soluble phosphate are accompanied 
by a comparable variation in the concentration of the total acid- 


* The authors wish to acknowledge the debt to Dr. R. I. Pencharz for 
performing the thyroidectomies 
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soluble phosphate. The concentration of the organic acid-soluble 
phosphate in the case of the rapid absorption of glucose represents 
only a 12 per cent increase over the concentration of this fraction 
during the slow absorption of glucose. (b) Under the conditions 
of normal and retarded rates of absorption of glucose, the easily 
hydrolyzed organic acid-soluble phosphate forms a constant 
portion (26 per cent) of the organic acid-soluble phosphate. Ac- 
cordingly, this fraction also constitutes a constant portion (17 
per cent) of the total acid-soluble phosphate. 

Under the condition of the rapid absorption of glucose, the 
easily hydrolyzed organic acid-soluble phosphate constitutes a 
slightly greater portion of both the organic acid-soluble phosphate 
and the total acid-soluble phosphate. The easily hydrolyzed 
fraction forms 29 per cent of the organic acid-soluble phosphate 
and 19 per cent of the total acid-soluble phosphate. Despite the 
fact that the concentrations of the organic acid-soluble phosphate 
and the easily hydrolyzed organic acid-soluble phosphate vary 
directly with the velocity of absorption of glucose, the differences 
are small and are probably non-significant. 

A comparison of the concentrations of the several fractions of 
acid-soluble phosphate in the intestinal mucosa of the female 
rat during the absorption of sodium chloride and during the 
absorption of glucose shows the following. (a) In all cases of 
the absorption of glucose (accelerated, normal, and retarded rates), 
the organic acid-soluble phosphate constitutes a greater part (65 
per cent) of the total acid-soluble phosphate than in the case of 
the absorption of sodium chloride (58 per cent). However, the 
difference in the concentrations of organic acid-soluble phosphate 
issmall. The higher percentage of organic acid-soluble phosphate 
that accompanied the absorption of glucose was obtained in one 
case (thyroxinized animal) apparently through the conversion of 
a portion of the directly determined acid-soluble phosphate into 
the organic fraction, and in the other two cases (normal and 
thyroidectomized animals) through a diminution in the concen- 
tration of the directly determined fraction. (6) In contrast to 
the conditions that obtain as a result of the absorption of glucose, 
during the absorption of sodium chloride the concentration of the 
easily hydrolyzed organic acid-soluble phosphate amounts to 
only 55 mg. per cent and constitutes but 21 per cent of the or- 
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ganic acid-soluble phosphate and 12.5 per cent of the total acid- 
soluble phosphate. 

According to Verzdr and Wirz (5) the absorption of glucose is 
greater in the upper portion than in the lower portion of the small 
intestine. Perhaps the small change in the concentration of the 
easily hydrolyzed organic acid-soluble phosphate that results from 
changes in the rate of absorption of glucose represents a signifi- 
cant variation in the concentration in a small portion of the in- 
testine that is masked by the acid-soluble phosphate that is 
present in the remaining portion. If this is so, then there should 
be a significant difference in the concentration of this fraction 
in the mucosa of the upper one-quarter and the lower three- 
quarters of the intestine during the absorption of glucose at an 
accelerated rate (thyroxinized animal). 

The data (Table II) show that during the rapid absorption of 
glucose there is no significant difference in the concentrations of 
the several fractions of the acid-soluble phosphate in the mucosa 
of the upper quarter and lower three-quarters of the intestine. 
The data for the analyses of the mucosa of the upper and lower 
portions of the intestine during the absorption of glucose and 
sodium chloride confirm the results that were obtained for the 
mucosa of the whole intestine. 


DISCUSSION 


Studies conducted on the intestinal absorption of the mono- 
saccharides have shown that glucose and galactose, sugars which 
are susceptible to phosphorylation, are absorbed at a rate that is 
characteristic for each sugar and is, within rather wide limits, 
independent of the concentration of these sugars in the lumen. 
Mannose, sorbose, and xylose are absorbed at a rate that is 
proportional to the concentration of the sugars. The selectively 
absorbed hexoses are absorbed at a greater rate than other 
sugars (6). 

According to the phosphorylation theory of intestinal absorp- 
tion, the selective absorption of glucose and galactose is dependent 
upon the conversion of these hexoses, presumably within the 
epithelial cells of the intestinal mucosa, to hexosephosphates. 
In this manner there is obtained a steep gradient for the diffusion 
of the hexoses across the epithelial cell membrane that is proximal 
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to the lumen of the intestine. It seems expedient to consider that 
the absorption of a substance across the intestinal barrier in- 
volves a passage through the epithelial cell membrane that is 
proximal to the lumen, into the protoplasm of the cell, and through 
the cell membrane that is distal to the lumen. Inasmuch as the 
free hexose is recovered in the blood, hydrolysis of the hexose- 
phosphate must occur either within or without the cell. It is 
attractive to consider that hydrolysis occurs outside of the 
epithelial cell membrane that is distal to the lumen of the in- 
testine; possibly, in the area between the membrane and the 
capillary wall. In this way there is obtained a steep gradient 
for the diffusion of the ester out of the cell. According to this 
theory, the concentration of any ester that may occur as a result 
of phosphorylation in the mucosa would be governed to a large 
extent by the following factors: (a) the rate of formation of the 
ester, (6) the concentration of the ester that is necessary to es- 
tablish a gradient for the diffusion of the ester through the cell 
protoplasm, and (c) the rate of disappearance of the ester. In the 
case wherein the velocity of formation and the velocity of disap- 
pearance are equal, the concentration of the hexosephosphate will 
be governed by the conditions of the steady state. If the veloc- 
ities are not equal, conditions may exist wherein changes in the 
concentration of the esters may accompany changes in the veloc- 
ity of the absorption of glucose. 

The results of the work herein reported show that variations 
in the velocity of the absorption of glucose, as effected by the 
thyroid gland, do not cause any significant changes in the con- 
centrations of several fractions of the acid-soluble phosphate of 
the mucosa of the whole intestine of the rat. A comparison of 
the concentration of the several fractions of the acid-soluble 
phosphate in the mucosa of the upper portion of the intestine 
and the lower portion of the intestine during the rapid absorption 
of glucose confirms the above findings. There is no significant 
difference in the concentration of phosphates in the different 
portions of the mucosa during the rapid absorption of glucose. 

It may be concluded that although the absorption of glucose is 
accompanied by a slight increase in the percentage of the acid- 
soluble phosphate esters over that observed during the absorption 
of sodium chloride, changes in the rate of absorption of glucose, 
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as influenced by the thyroid gland, have little or no effect on the 
concentration of these esters. 

The lack of correspondence between the concentration of the 
acid-soluble phosphate esters and the velocity of absorption of 
glucose neither supports nor denies the validity of the hypothesis 
that phosphorylation is a process that is concerned with the selec- 
tive absorption of glucose and galactose. For it must be assumed 
that the concentration of such esters depends upon the rate of 
formation and the rate of disappearance. Accordingly, a differ- 
ence in the rate of turnover of the acid-soluble phosphates need 
not be accompanied by a change in concentration. 


SUMMARY 


A study of the concentrations of several fractions of the acid- 
soluble phosphate in the intestinal mucosa during the absorption 
of glucose at various rates neither supports nor invalidates the 
hypothesis that phosphorylation is a process concerned with the 
selective absorption of certain hexoses. 
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THE RELATION OF THE PHOSPHORUS TURNOVER OF 
THE BLOOD TO THE MINERAL METABOLISM OF 
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(From the Department of Biochemistry and Pharmacology, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, March 12, 1940) 


Detailed data on the phosphate turnover of rat blood, bones, 
and teeth have been reported (1). The interpretations were 
based on phosphate changes calculated as percentages of the 
original dose of marked phosphorus found in each gm. of tissue 
at a specified time after administration. Such calculations give 
an adequate description of the findings but do not facilitate an 
understanding of the metabolic relations between the tissues. For 
example, although it has long been considered a valid concept 
that the blood minerals are in some sort of equilibrium with the 
corresponding bone minerals, by the above manner of calculation 
it would appear that in 48 hours blood containing 0.20 per cent 
of the total dose per gm. deposits 10 per cent of the total dose 
in bone. If such an amount of marked phosphorus entered the 
bone as new calcification, one-fifth of the total bone would have 
to be deposited in 24 hours, which is absurd. However, the rela- 
tion between blood and bone phosphates may be explained by 
calculating the changes in terms of the P*:P ratio;! i.e., the frac- 
tion of the dose of marked phosphorus found per mg. of total 
phosphorus in the various tissues. 

The first important point to come from this calculation is that 


* This work was supported in part by the Carnegie Corporation of New 
York, and by the Rockefeller Foundation. 

1 The asterisk indicates radioactive phosphorus. The number of P* 
atoms is small enough to be negligible compared to the number of P* 
atoms; therefore the ratio P* to total P is equivalent to the ratio P* to 
inert P, or P*?; P*, 
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the marked phosphorus concentration initially is much higher in 
the blood than in the calcified tissues. Thus, 24 hours after the 
ingestion of the dose, 1 gm. of blood contains 0.21 per cent of the 
P* dose and 0.465 mg. of total P, equivalent to a P*:P ratio of 
0.46; while 1 gm. of epiphyseal bone (inorganic part) contains 
10.3 per cent of the P* dose and 190.0 mg. of total P, equivalent 
to a P*:P ratio of 0.07. Thus, the blood ratio is approximately 
6.5 times that of the epiphyseal bone. 
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Fig. 1. Concentration of marked phosphorus per mg. of total phosphorus 
in the tissue. Note that the concentration in none of the calcified tissues 
reaches that of the blood before 8 days. 


From the percentage dose versus time curves given by Manly 
and Bale in their Fig. 1 (1), values for the P*:P ratio were cal- 
culated for blood, epiphyses, diaphyses, molars, and incisors. A 
study of these P*:P ratio versus time curves (Fig. 1) reveals three 
significant facts. (1) During the first 4 days the blood ratios 
are high and the bone ratios low. Although the ratios for the 
calcified tissues rise rapidly during the first 24 hours, the values 
remain below the blood value for the ensuing 6 days. It is reason- 
able to inquire why the rise in ratio of the calcified tissues is 
checked so sharply if equilibrium with the blood is taking place. 
(2) Not only do the bone ratios fail to reach the blood ratios but 
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in the case of the epiphyses and diaphyses, marked phosphorus 
is lost in the face of a high P*:P ratio in the blood. (3) The con- 
centrations in the blood and epiphyses are not equal until the 
12th day and it apparently requires even longer for equilization 
to take place between blood and diaphyses. 

To set up a mechanism by which these complicated changes 
can be described requires certain assumptions. First, the marked 
phosphorus is assumed to be in rapid and continuous equilibrium 
with the various phosphate fractions of the blood, so that all the 
fractions of blood phosphorus contain identical ratios of P*:P.? 
Consequently the P*:P ratio of the whole blood can be taken 
as a measure of the P*:P ratio of that fraction of the blood phos- 
phate which is in equilibrium with bone. 

The second assumption is that calcified tissues are composed 
physiologically of two portions, one of which rapidly comes to 
equilibrium with certain blood minerals. This portion will be 
designated as labile bone. The other portion reaches equilibrium 
slowly and, by comparison, exhibits negligible exchange with 
these blood minerals. It will be designated as stable bone. This 
concept does not denote any anatomical location of the two 
portions. 

When these two assumptions are combined, the equilibrium 
between blood and labile bone will be characterized by identical 
P*:P ratios in the two tissues. On the other hand the exchange 
between blood and stable bone is sufficiently slow so that the 
P*:P ratio of stable bone will lag far behind any changes in the 
blood ratio. 

With these criteria, the three points described above will be 
treated in order. 

Apparent Discrepancy between Initial High Blood and Low Bone 
P*:P Ratios—The limited rise for bone* values results from 
averaging the P* content of the labile fraction with that of the 
proportionately larger stable fraction. At the end of 24 hours, 
the P*:P ratio for blood is 0.36, for epiphyseal bone 0.06; there- 


* Some experimental evidence is available to support this assumption; 
¢.g., the equality of P* distribution between total blood P and blood phos- 
pholipid P (2). 

* Wherever “‘bone’’ is referred to in the following discussions, it includes 
only the epiphyseal or diaphyseal bone on which data are available. 
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fore, about one-sixth of the bone may be considered as labile 
with a ratio equal to that of blood, and the remaining five-sixths 
as stable with as yet negligible quantities of marked phosphorus 
(see Table I). Thus the sudden rise in marked phosphorus in 
the epiphyseal bone is to be ascribed not to a deposition of phos- 
phorus but to an exchange in which only one-sixth of the phos- 
phorus atoms of the bone have come to equilibrium with the 
blood. On this basis the discrepancy between the high blood 
and low bone ratios is only apparent and not real. 

This explanation, however, raises a question as to why the ratios 
for the calcified tissues do not parallel the blood ratios throughout 
the whole experiment. Assuming a labile portion of bone in 
equilibrium with the blood, a sharp fall in the bone ratio would 
be expected from the 2nd to the 8th day. Actually, as the blood 
levels fall, the values for the total bone remain nearly constant. 
This may be attributed to an increase in the P*:P ratio in stable 
bone resulting principally from new calcification. The necessary 
amount of daily phosphorus deposition to give a curve agreeing 
closely with that for diaphyses in Fig. 1 is approximately 1/50 
of the total amount of phosphorus already present in the bone. 
This corresponds to a daily deposition of about 10 mg. of phos- 
phorus, which is almost exactly the value obtained by calculation 
from the data given by Donaldson (3) on skeletal calcification 
rates in young male rats. 

Loss of Marked Phosphorus from Bone in Contact with Blood of 
Higher P*:P Ratio—From the 2nd day the P*:P ratio in the blood 
falls, first rapidly and then slowly, causing an equivalent decrease 
in the ratio in the labile bone. Since, in the period from the 2nd 
to the 4th day, the labile bone contains a major portion of the 
marked phosphorus in the bone, the ratio for whole bone also 
falls. However, the curve for bone ratios does not continue to 
decrease because increasing quantities of radioactive phosphate 
are present in the stable portion. Thus, about the 5th day the 
labile and stable bone contribute equally to the total marked 
phosphorus content. However, even at this time the P*:P ratio 
in the stable bone is much lower than that in the labile bone or 
in the blood. Therefore, the decrease in the ratio in the labile 
portion of the bone results in a decrease in the P*:P ratio for 
whole bone. 
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Significance of Convergence of Curves for Blood and Bone—The 
P*:P ratio in the blood falls very slowly from the 12th to the 20th 
day, with a concomitant decrease in the ratio of the labile bone. 
However, the ratio in stable bone is increasing and the P*:P ratio 
of each daily increment is the same as the current blood ratio. 
Hence, the curves for blood and bone must converge and finally 
cross ; this convergence is seen in the curves for epiphyses, incisors, 
and diaphyses, and a crossing in the curves for incisors and per- 
haps epiphyses. 

The relative amounts of labile to stable calcification differ 
widely in epiphyses, diaphyses, incisors, and molars, as is shown 
in Table I; the percentage figures were obtained by setting the 
ratio in the labile bone equal to that in the blood. Stable bone 


Taste | 
Magnitude of Labile Fraction of Various Tissues 





| Per cent of total marked phosphorus 
Puneies ft soe | present in labile portions 
labile wx: mys ” 
1 day 20 days 
Epiphyses 1/6 95 21 
Diaphyses..... aap 1/12 90 ll 
Molars.... »onh> 1/50 87 8 
Whole incisors............ 1/12 73 3 





The percentage figures for total P* in the labile portions are taken from 
the summed curves (see the text). 


was assumed to add equal daily increments‘ of phosphorus pos- 
sessing the P*:P ratio current in the blood. In this fashion two 
curves were derived, which were adjusted so that the sum would 
fit the experimental points for the 1st and 20th days. From the 
adjusted curves the relative contributions of the labile and of the 
stable portions can be compared with the total marked phosphorus 
content. On the Ist day 95 per cent of the total marked phos- 
phorus in the epiphyses is in the labile portion. The other tissues 
range down from this value to 73 per cent in the labile portion 
of the whole incisors. On the 20th day, 21 per cent of the total 
marked phosphorus in the epiphyses is in the labile portion, while 
only 3 per cent is in the same portion of the whole incisors. 


* “Accretion rate.”’ 
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In comparison with the other calcified tissues the labile portion 
of the epiphyses is the largest (one-sixth) and has the highest 
percentages of the total marked phosphorus; in addition, its 
accretion rate is higher than for the diaphyses. In other words, 
the epiphyses are the site of the most active mineral metabolism. 
The relative magnitudes of the labile portions of the diaphyses 
and of the whole incisors are comparable even though the accretion 
rate of the incisors is nearly 3 times that of the diaphyses. This 
is to be expected from the known high rate of calcification of 
the incisors, which is also shown by the very low contribution 
of the labile portion at 20 days. The labile portion of the molars 
is minute; this together with a low accretion rate brings the P*:P 
ratio for the molars to only one-fifth of that of the blood even at 
20 days. Although the relative importance of the labile portion 
of the molars is numerically quite similar to that of the diaphyses, 
the mineral metabolism of the molars is small compared to that 
of the diaphyses. This indicates that similar processes differing 
in degree are occurring, in agreement with the concept that dentin 
is analogous to dense cortical bone. 


SUMMARY 


A rational explanation of the behavior of the calcified tissues 
following the administration of a dose of radioactive phosphorus 
has been evolved on the basis of two assumptions; first, that all 
forms of phosphorus in the blood are in equilibrium, and second, 
that bone is composed of a labile portion in equilibrium with 
the blood, and a stable portion receiving phosphorus in an incre- 
mental fashion. From a knowledge of the P*:P ratio in blood 
and in bone, one may calculate the relative amounts of labile 
and stable bone. With these values three theoretical considera- 
tions are derived from the experimental results. 

1. Immediately following the administration of radioactive 
phosphorus, the high blood P*:P ratio is accompanied by an 
identical ratio in the labile bone. The labile bone, however, 
constitutes a sufficiently small portion of the whole bone to make 
the total bone P*:P ratio much lower than that of blood. 

2. The blood P*:P ratio falls rapidly during the 2nd to 4th 
day, with an equal fall in the ratio in the labile bone. In this 
period, the stable bone has added a small daily increment of new 
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calcification which has the P*:P ratio currently in the blood; this 
amount is insufficient to prevent a fall in the total bone P*:P ratio. 

3. By about the 5th day, the stable bone, owing to continuous 
accretion of marked phosphorus, has a P* content equal to that 
of labile bone. After the 5th day, although the ratio falls slowly 
in the labile bone, the ratio in the stable bone and consequently 
in the whole bone increases. By the 15th day, in rapidly calcifying 
tissues, this increase gives a demonstrably higher P*:P ratio in 
the whole tissue than in the blood. 

From these calculations, a quantification is made of certain 
phases of mineral metabolism of the calcified tissues. The num- 
bers expressing physiological processes previously known quali- 
tatively help to explain the chemical changes which occur in 
calcifying tissues. These numbers are used to determine the 
magnitude and kind of certain physiological elements of calcifica- 
tion in a given tissue and to compare these functions in various 
tissues. 
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DIASTASE ON THE BASIS OF SUBSTRATE 
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(Received for publication, March 15, 1940) 


Since the reducing substances formed in diastatic reactions 
normally represent mixtures of glucose, maltose, and non-ferment- 
able reducing matter (1), we estimated in this study the quantities 
of each of the three constituent groups separately by means of 
methods previously described (2). In one portion of the reaction 
mixture the total reducing power was determined (a); another 
portion was fermented with washed bakers’ yeast at alkaline 
reaction (pH 8.0 to 8.4) for 30 minutes before determination of 
the reducing power (b); a third portion was fermented at un- 
modified reaction for 2 hours and the residual reduction (c) was 
then determined. a — b = copper reduced by glucose; b — c = 
copper reduced by maltose; c = copper reduced by non-ferment- 
able substances. 

The amount of maltose was calculated from the reduced copper 
by multiplying the corresponding glucose equivalent by the 
factor 1.55, as we have found that, with the “high alkalinity” 
copper reagent employed in this work, 1.55 mg. of maltose reduce 
the same amount of copper as 1 mg. of glucose. The quantity 
of the non-fermentable reducing substances, referred to hereafter 
as reducing dextrins, was expressed in terms of maltose. 

The objective of this work was exploration of the character of 
possible new information that can be obtained by our method of 
tripartite analysis, rather than a comprehensive study of the 
kinetics of diastase action. Accordingly we report in this paper 
only on the influence of changes in a limited number of factors, 
such as time, enzyme concentration, substrate concentration, and 
dilution. The quality of substrate, temperature, electrolyte 


* This work was aided by a contribution from Mr. Hugo F. Urbauer. 
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concentration, and hydrogen ion concentration were, on the basis 
of close scrutiny, standardized and kept unaltered throughout 
these experiments. 

Substrate—Soluble starches, as shown by Sherman and Baker 
(3) and by several other workers, yield variable results. Liiers 
and Wasmund (4) called attention to the profound influence that 
heating of starch paste under pressure exerts upon the course of 
diastatic reactions. In order to avoid the influence of these 
variable factors, we employed as substrate starch paste, prepared 
of a good commercial grade of corn-starch, at 100°. But even 
slight natural variations occurring in unmodified starches suffice 
to affect the results of enzyme action. To obviate this source of 
variability, O’Sullivan (5) and Sherman, Walker, and Caldwell 
(6) subjected the starch to washing with dilute acid and alkali. 
We found that washing corn-starch with 0.01 N hydrochloric 
acid and then with water served the purpose satisfactorily. 

Temperature—Our observations were uniformly made at 40°. 
This is not the temperature at which the maximum amount of 
reducing matter is produced. One should be aware of the fact, 
however, that in experiments extending over long reaction periods, 
the maximum amount of reducing matter is produced at lower 
temperatures than in brief reaction periods; i.e., the longer the 
reaction time, the lower the optimal temperature. This is due 
to the fact that elevation of the temperature exerts two counter- 
current effects: while it enhances enzyme activity, it also ac- 
celerates the rate of inactivation of the enzyme. Since the tem- 
perature coefficient of the latter process is higher than that of 
the first, time brings the destructive effect to the fore. Thus, if 
one wanted to employ optimum temperature, this would have to 
be sought out for every particular reaction period. To avoid this 
complication, we conformed with general usage in adopting 40° as 
the standard temperature. 

Electrolyte Concentration—Available data as to the concentra- 
tion of NaCl at which the reaction proceeds at a maximum rate 
are contradictory. Discrepancies are particularly great in 
figures concerning diastases of different origin. We found it 
necessary, therefore, to determine the optimum NaCl concentra- 
tion for blood and urine diastases, the principal objects of our 
studies. May it suffice to state without the presentation of de- 
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tailed data that for the diastatic activity of human blood plasma, 
urine, and saliva, 0.2 to 0.4 per cent represents the optimum 
range of NaCl concentrations. 

Hydrogen Ion Concentration—Blood, urine, and salivary diastase 
exert maximum saccharogenic activity at pH 6.8 to 7.4, if all 
other conditions affecting the reaction are constant. In view of 
the width of this range we deemed it sufficient to adjust the pH 
of the enzyme solutions to 7.0 to 7.2 by the addition of acid or 
alkali, without incorporating any extraneous buffer solution in the 
reaction mixtures. 


Effect of Time and Enzyme Concentration 


In the construction of time curves of the saccharogeniec process, 
mixtures of starch paste and enzyme solution were set up in 
batches sufficiently large to allow the frequent withdrawal of 
samples for analysis during periods of several hours. The dia- 
stase employed in this group of experiments was a preparation 
isolated from human urine by precipitation with 3 volumes of 
alcohol. After centrifugation and decantation, the precipitate 
was dissolved in water, subjected to dialysis against running 
water for several hours, and centrifuged to remove insoluble 
particles. Precipitation with alcohol and removal of water- 
insoluble constituents were repeated. In this manner the dia- 
stase content of large quantities of urine was concentrated in a 
small volume of water, to which 0.6 per cent NaCl was added. 
Such preparations were kept in a refrigerator for several days 
without appreciable deterioration in their activity. 

Four dilutions of a stock solution were prepared, with 0.6 per 
cent NaCl as diluent. Denoting the enzyme concentration of 
the weakest solution as C, we have termed the concentrations of 
the other three solutions 5 C, 10 C, and 50C respectively. For 
observations of the effect of time upon the course of the reaction, 
the enzyme solution was prewarmed to 40° and mixed with an 
equal volume of 3 per cent starch paste, also warmed in advance 
to 40°. The mixture was incubated in a constant temperature 
water bath. Samples for analysis were withdrawn at various 
intervals of time up to 3 hours. In order to stop enzyme action, 
the samples were quickly heated to about 80°, then cooled, and 
kept overnight in the refrigerator. The unliquefied residue of the 
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starch, which was considerable in the instance of the two weaker 
enzyme solutions, formed in the cold a sediment which was 
eliminated by centrifugation. In the supernatant fluid glucose, 
maltose, and reducing dextrins were determined. 

Experiment 1—This experiment was executed with enzyme 
concentration C. The results, presented in Fig. 1, show that the 
hydrolytic reaction products during the first 15 minutes consisted 
entirely of non-fermentable polysaccharides. Maltose appeared 
at the end of 60 minutes, and then only in a small quantity that 
would have eluded detection without the aid of a sensitive micro- 
method; after 3 hours maltose still represented no more than 21 
per cent of the aggregate reducing power. Of glucose no trace 
appeared throughout the 3 hours. 
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Fig. 1. Time curves of the saccharogenic reaction of diastase of con- 
centration C (concentration of weakest solution). 


Experiment 2—In this experiment, in which the enzyme con- 
centration was 5 C, a different picture was unfolded. As shown 
by the curves in Fig. 2, the reducing dextrins still predominated, 
but maltose was already detectable after 15 minutes, and after 
3 hours was accountable for 38 per cent of the reducing power of 
the reaction mixture. 

In contrast to Experiment 1, glucose made its appearance in the 
3rd hour of the reaction. True, its quantity was so small that it 
could not be estimated without the use of the selective fermenta- 
tion technique and of an adequately controlled micromethod of 
sugar analysis; yet it was by no means negligible. 

Experiment 3—Further augmentation of the enzyme concentra- 
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tion effected a further shift in the mutual relationship of the 
reaction products. As may be seen in Fig. 3, besides reducing 
dextrins and maltose, glucose appeared quite early; namely, after 
the first half hour of the reaction. A new feature in these curves 
is the marked drop in the amount of reducing dextrins during the 
second half of the 3 hour period, after having reached a maximum 
between the Ist and the 2nd hour. At the end of 3 hours maltose 
became the predominant reaction product, accounting for 51 per 
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Fie. 2. Time curves of the saccharogenic reaction of diastase of con- 
centration 5 C. 


cent of the aggregate reducing power. Glucose at this point 
accounted for 6.4 per cent of the reduced copper. 

Experiment 4—In the fourth experiment of the series, carried 
out with the highest enzyme concentration, the shift in the quan- 
titative relationship of the several reducing substances was 
greatly accentuated. Fig. 4 shows that maltose was produced 
from the beginning at only a slightly lower rate than the reducing 
dextrins; after 15 minutes, however, the rate of maltose formation 
outstripped that of the production of reducing dextrins, so that 
the quantity of the latter began to drop and continued to decline 
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to the end of the 3 hour period. Glucose was detectable as early 
as the 15th minute of the reaction and attained well measurable 
quantities in 30 minutes. At the end of the 3 hour period maltose 
accounted for 71 per cent, glucose for about 10 per cent of the 
copper-reducing power of the reaction mixture. The shift is 
accentuated by the fact that after as brief a reaction period as 
30 minutes, 64 per cent of the reducing power was due to maltose 
and 5 per cent to glucose. 
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Fic. 3. Time curves of the saccharogenic reaction of diastase of con- 
centration 10 C. 


This is perhaps an opportune place for pointing out a possible 
source of wide-spread contradictions and confusing assertions 
concerning the identity of the reaction products obtained with 
diastases of various origin. Any investigator, working under 
the conditions of our Experiment 1 (Fig. 1), may conclude that 
the diastase involved hydrolyzes starch to reducing dextrins and 
maltose but produces no glucose at all. This conclusion could be 
drawn, however, only if the experiment were extended to at least 
3 hours; but were it terminated after a period of 30 minutes, the 
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observer could only state that the enzyme produces non-ferment- 
able reducing matter exclusively. Should that observer hold the 
view that dextrins are hexosans that possess no reducing power, 
he would conclude that the non-fermentable reducing matter is 
‘jsomaltose”’ and represents the sole end-product of the reaction. 
The literature is certainly replete with assertions of this kind. 
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Fic. 4. Time curves of the saccharogenic reaction of diastase of con- 
centration 50 C. 


Other workers, incidentally, dealing with conditions like those 
in our Experiment 2 (Fig. 2), would be led to the conclusion that 
maltose is the end-product of the diastatic reaction and that 
glucose is not even detectable among the reaction products. 

On the basis of our four experiments, however, when they are 
considered collectively one arrives at entirely different conclusions. 
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Figs. 1 to 4 make it evident that one and the same enzyme is 
capable of producing either non-fermentable reducing substances 
(dextrins) only, or reducing dextrins plus maltose, or in addition 
to these glucose. The result is dependent upon the conditions 
that obtain in the reaction, such as enzyme concentration, reac- 
tion time, and others that need not be discussed on this occasion. 

Glucose is undoubtedly a normal product of diastatic reactions. 
The contention, commonly voiced as a self-evident fact, that 
glucose is formed by maltase, which is contained in diastase 
preparations as a contaminant, has no foundation whatsoever in 
experimental evidence. On the contrary, Sherman’s diastase 
preparations, which surpassed in purity any other product thus 
far described, did produce glucose from starch (7). It must be 
pointed out, moreover, that our diastase preparations, which do 
produce glucose from starch, invariably fail to act on maltose 
as a substrate, indicating that they do not contain maltase. 

It has been our consistent observation that glucose is invariably 
formed in diastatic reaction mixtures, but that it emerges only 
after the bulk of the unaltered starch and erythrodextrins has 
disappeared. The mother substance of glucose then is to be 
sought among the achroodextrins of rather small molecular size. 

The question arises here whether or not various hexosans 
(non-reducing dextrins), of the nature of Schardinger’s crystalline 
dextrins, occur among the normal diastatic split-products of 
starch. Our observations have not furnished definite information 
on this point. As previously reported (1), fractionation of the 
reaction products yields an array of non-fermentable polysac- 
charides of variable copper-reducing power. None of these 
represents a chemical entity, since each can be further partitioned 
into several fractions, some of which possess higher, others lower 
reducing power than the mother substance. With relatively low 
concentrations of alcohol and numerous reprecipitations, it is 
possible to isolate dextrins that show very low reducing power, 
so low in fact that when analyzed with moderately sensitive 
methods, the reducing power may fall within the limits of technical 
errors and in consequence appear negligible. Using sensitive 
micromethods, however, we are forced to conclude that none of 
the dextrins we have analyzed can be regarded as definitely devoid 
of copper-reducing power. 
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Effect of Substrate Concentration 


The fact that glucose is not produced by diastase so long as 
substantial amounts of starch and erythrodextrins are present in 
the reaction mixture seems to be adequately explained by the 
observation that diastase preferentially combines with polysac- 
charides of colloidal structure (8) and thus becomes available for 
reactions with dextrins of smaller molecular size only after far 
reaching degradation of the colloids has been effected. Satis- 
factory support for this concept was obtained in experiments in 
which the enzyme concentration was kept constant while the 
concentration of the starch was varied. 


Taste I 
Effect of Substrate Concentration 
Time, 30 minutes; temperature, 40°. 














| Reducing | Total reducing matter 

Starch | dextrins | Maltose 
concentration | calculated As 
as maltose Amount Dm mm ye 

per cent mg. mg. mg. 
0.10 32.5 12.5 45.0 45.0 
0.25 42.0 12.0 54.0 21.6 
0.50 as pore 4 ae 12.1 
07 | S86 | 81 | Ol 8.5 
100 | 57.4 | 7.7 65.1 | 6.5 
2.00 87.8 | 7.2 6.0 | 3.2 
3.00 49.6 3.1 52.7 | 1.8 








In Table I is presented such an experiment. The diastase 
solution in this instance was blood plasma. Identical quantities 
of plasma were incubated with identical volumes of starch pastes, 
the starch content of which ranged from 0.1 to 3.0 per cent. As 
may be noted in the fourth column of Table I, the quantity of 
the reducing matter increases with increasing starch concentra- 
tions until the latter passes the 0.5 per cent mark; then a plateau 
of maximum reduction values persists, followed by a drop after 
the starch concentration has exceeded 2.0 per cent. We wish to 
direct attention to the fact that when augmentation of the sub- 
strate concentration increases the rate of production of reducing 
matter, maltose has no share in this increase. On the contrary, 
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the amount of maltose drops by 42 per cent (dropping to 7.2 mg. 
from 12.5 mg.), while at the same time the aggregate reducing 
power of the reaction mixture rises from 45.0 mg. to 65.0 mg., an 
increase of 44 per cent. The increment is due to reducing dex- 
trins, which show a rise from 32.5 to 57.8 mg., or 78 per cent. 

This phenomenon indicates a competition of several substrates 
for the enzyme, a competition in which diastase preferentially 
reacts with large colloidal aggregates. It selectively combines 
with unaltered starch as long as the latter presents itself in abun- 
dance, and hydrolyzes the starch to reducing dextrins. The 
greater the excess of starch in the reaction mixture, the less of the 
enzyme is available for combination and reaction with the dex- 
trins, and in consequence the smaller is the quantity of maltose 
produced. The contrast in our experiment is most conspicuous 
when the products of the reactions with 0.1 and 3.0 per cent starch 
are compared: while the amount of reducing dextrins is increased 
from 32.5 mg. to 49.6 mg. as the concentration of starch mounts, 
maltose drops from 12.5 mg. to 3.1 mg., an almost negligible 
quantity. (Here again it may be pointed out that experiments 
in which weak enzyme preparations react with large amounts of 
starch may give rise to the erroneous conclusion that the end- 
product of the reaction is a non-fermentable reducing substance, 
an “isomaltose.’’) 

In this experiment glucose was produced only with 0.1 per cent 
concentration of starch, but only in a small quantity which eluded 
accurate estimation. It probably was formed at the terminal 
phase of the reaction when the color reaction with iodine showed 
that no starch and but little of erythrodextrins were present, and 
diastase presumably became available for combination with small 
molecules of reducing dextrins. 


Effect of Dilution 


If the assumption that diastase has a general tendency to com- 
bine preferentially with larger polysaccharide molecules or colloidal 
aggregates is correct, then the fall in the rate of reaction that is 
caused by simple dilution of reaction mixtures with water should 
be greater in the production of maltose than in the production of 
reducing dextrins, and again greater in the formation of glucose 
than in that of maltose. Experiments to probe this concept 
yielded confirmatory results. 
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In Table II is presented an experiment performed with the 
quantities of enzyme and starch constant, but with the reaction 
mixture dispersed in increasing volumes of fluid in order to en- 
hance the dissociation of the enzyme-substrate complexes. If 
in the conventional manner only the aggregate reducing power of 
the reaction mixtures is scrutinized, the results confirm the known 
fact that extensive dilution diminishes the rate of the reaction. 
4-Fold dilution had but a scarcely discernible effect in both the 
30 and the 60 minute periods, but 16-fold dilution promoted the 
dissociation of the enzyme-substrate combination to such an 
extent that it effected a distinct decrease in the rate of the reac- 
tion. 


TaBLe II 
Effect of Dilution upon Quantitative Relationship of Reducing Substances 
Formed in Diastatic Reactions 
The reaction mixture contained identical amounts of enzyme and of 
substrate, only in different volumes of solution; the concentration of NaCl 
was 0.3 per cent throughout. 








Reac- her med | Redue- Total Guan eenette 
Se | sepstion | Stwecse | Malone | ing |pedimating | 
| | | | | Glucose | Malte Reducing 
min. | ce. mg. | mg. mg. mg. per cent per cent percent 
3 | 100 4.5 | 29.3) 544| 92) 0 | 0 | O 
| 400 | 4.0 | 26.1) 56.2) 86.3) —12.5 | -11.0 | +4.0 
1600 2.4 | 16.2) 57.6) 76.2) —47.0 | —45.0 | +5.9 
6 | 100 8.0 | 58.2| 50.0| 116.2) 0 0 | 0 
400° «6.8 53.3! 55.3 | 115.1) -17.5 | —8.4 | +10.6 
(1600 | 3.3 © 37.8) 59.6 | 100.7 | —59.0 | —35.0 | +19.2 








| 
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In the light of the results obtained by our tripartite analysis, 
however, an entirely different picture was revealed. As may be 
noted, the rate of formation of reducing dextrins not only failed 
to decline but showed a definite rise when the dilution of the reac- 
tion mixture was increased. This implies the fact that the de- 
cline in the aggregate reducing power was due to a drop in the 
combined reducing power of maltose and glucose, a drop greater 
than the rise in the reducing power of the dextrins. The figures 
given in Table II show that at the end of a reaction period of 60 
minutes, 35 per cent less maltose and 59 per cent less glucose were 
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formed when the dilution was increased 16-fold, while the amount 
of reducing dextrins increased by 19.2 per cent. This is a clear 
instance of substrate competition in which polysaccharides of 
larger molecular size gain preference in combining with the enzyme, 
at the expense of the smaller split-products of starch. Increase 
in the dilution of the reaction mixture enhances the dissociation 
of the substrate-enzyme complex the more effectively, the smaller 
the molecule of the substrate. Thus, by increasing the extent of 
dilution, one increases that part of the enzyme which is available 
for reaction with the unhydrolyzed and slightly hydrolyzed col- 
loidal portion of the substrate, and in consequence the rate of the 
reaction that produces reducing dextrins is increased at the ex- 
pense of maltose and glucose formation. 

It may be noted on further inspection of the figures in Table II 
that the rate of maltose formation in all of the reaction mixtures 
was much greater in the second half hour than in the first half 
hour period of the reaction. This was undoubtedly due to 
the fact that, as the reaction progressed and the amount of unde- 
graded starch progressively diminished, increasingly larger quotas 
of the enzyme became available for reaction with the smaller 
dextrin molecules to form maltose. 

In the second half hour a shift occurred also in the quantitative 
relationship between maltose and glucose, owing to competition 
between the maltose-forming and glucose-forming processes. In 
this competition the formation of maltose is increasingly favored 
as the dilution of the reaction mixture becomes greater. This 
fact indicates that maltose, at least the bulk of it, originates from 
larger polysaccharide molecules than does all or at least the greater 
part of the glucose. 


SUMMARY 


1. The earlier finding that, besides reducing dextrins and mal- 
tose, glucose is a normal product of diastatic reactions was re- 
affirmed. 

2. The same diastase preparation, depending upon experimental 
conditions, may react with the same substrate to form (1) no other 
sugar than non-fermentable polysaccharides, or (2) non-ferment- 
able reducing substances plus maltose, where the latter appears 
as the end-product of the reaction, or (3), in addition to reducing 
dextrins and maltose, appreciable amounts of glucose. 
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3. The quantitative relationship of the three categories of 
reducing substances and the shifts in the rates of their formation 
are governed by substrate competition for the enzyme. The 
substrates involved are unaltered starch and dextrins of variable 
molecular size. In the competition for combination and reac- 
tion with diastase, preference is with the polysaccharides of larger 
molecular size. 

4. Diastatic reactions run a course represented by the following 


diagram. 


¥ 
Starch —-— erythrodextrins --— achroodextrins ———> glucose 


> sesso > —— maltose 


? 


This work was aided by a contribution from Mr. Hugo F. 
Urbauer. 
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BLOOD DIASTASE IN HEALTH AND DIABETES* 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, March 15, 1940) 


Interest in blood diastase has greatly increased in recent years, 
mainly on account of its value in clinical diagnosis. Inflamma- 
tory conditions and duct occlusions of the pancreas were long 
known to increase the diastatic activity of blood to far above the 
normal level. Myers and Killian claimed that blood diastase is 
substantially elevated in diabetes also, and deduced a sweeping 
theory from their finding (1). The inadequacy of the analytical 
method of these authors, which was pointed out in a previous 
communication from this laboratory (2), impelled us to reexamine 
the problem. 

The initial step in this work was determination of the range of 
variations of the blood diastase in healthy individuals. The 
attitude often taken in clinical studies of considering hospital 
patients as normal in any relation except their particular known 
disease was avoided. The subjects in these observations were 
all people with no known disease; they were recruited from the 
ranks of the medical, nursing, and laboratory staffs, and were 
scrutinized for any detectable abnormalities. In all of the normal 
and in many of the diabetic cases, diastase determinations were 
carried out with both of our analytical methods (2). 

Since the diastase values were found to be scattered over a wide 
range, it was deemed necessary to use a fairly large number of 
subjects in order to obtain usable information. At the time these 
studies were completed some years ago, 170 subjects were exam- 
ined; since then numerous additional determinations yielded 
results which are in harmony with the earlier findings. 

The normal diastase values are graphically shown in the left 
half of Fig. 1, the horizontal bars representing the per cent dis- 
tribution of diastatic activity at various levels. It may be noted 


*This work was aided by a contribution from Mr. Hugo F. Urbauer. 
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that although the spread is considerable, 80.5 per cent of all the 
cases fall within the range of 80 to 150. The values above 150 
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Fra. 1. Contrast between healthy and diabetic individuals in regard to 
the distribution of blood diastase values over the normal and subnormal 
range. 


amount only to 2.4 per cent of the total, and none of them reaches 
200. There is a greater scattering below 80, in that 13.0 per cent 
of the cases range from 60 to 80, and 4.1 per cent are even lower, 
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falling between 40 and 60. On the basis of the results of nearly 
6000 diastase estimations during the past 7 years for diagnostic 
purposes, we consider the values that lie between 60 and 80 as 
border line values between normal and subnormal. The 4.1 
per cent of our healthy subjects with blood diastase values below 
60 fall then, on a statistical basis, in the subnormal range. 

The wide variations of normal diastase values serve notice that 
valid inferences from data relating to any disease can be drawn 
only on a statistical basis, unless the deviations from normal are 
very great, as, for instance, in the case of some acute pancreatic 
involvement. Accordingly we compiled the blood diastase 
values obtained in 382 consecutive cases of diabetes, with no 
regard to the severity of the patient’s condition. The results are 
presented in the right half of Fig. 1, in the same manner as the 
data on healthy subjects. As may be seen, the range of variations 
in the two groups does not differ substantially; but a difference, 
obvious at first glance, presents itself in the distribution of the 
cases over the scale. In the diabetic subjects the great majority 
of the cases piles up in the lower range of diastase values, so that 
the border line cases between 60 and 80 constitute 41.3 per cent 
of the diabetics, as against 13 per cent of the healthy subjects, 
while 33.4 per cent of the diabetics, in contrast to 4.1 per cent 
of the healthy subjects, falls into the definitely subnormal range 
of diastase values. Or, summing up the low values, of the 
healthy individuals 17 per cent, of the diabetics 74 per cent show 
blood diastase values lower than 80. 

In an earlier note we have suggested that subnormal blood 
diastase levels indicate impairment of liver function (3). While 
we are unable to furnish any explanation of this relationship, a 
statistical study of nearly 6000 diastase determinations has fully 
confirmed the validity of the observation; in addition, other 
investigators, who used our analytical technique, arrived at the 
same conclusion (4, 5). It isnoteworthy that the finding of 
subnormal blood diastase levels proved to be of early diagnostic 
and prognostic value in numerous cases where other tests for 
liver functions failed to disclose abnormalities. 

On this basis we interpret the general trend towards lowered 
blood diastase in diabetics as a sign of disturbances in liver 
functions. Such disturbances may be present at early stages 
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of the disease when the conventional, known diagnostic pro- 
cedures fail to disclose any signs of abnormality. In line with 
this interpretation, moderately low and border line values were 
consistently found in those instances in which obesity resulting 
from overeating was a significant part of the case histories, 
Various degrees of fatty infiltration or degeneration of the liver 
in such cases are a very likely condition that may account for the 
depression of the diastatic activity of the blood and at the same 
time may play a significant part in the pathogenesis of the diabetic 
condition. 

Definitely subnormal diastase levels were always -observed in 
patients in ketosis, the severity of ketosis and the depression of 
diastatic activity showing a notable parallelism. In diabetic 
coma and preceding coma, diastase values as low as 20 to 30 
were observed. 

The results of this study tend to direct attention to the rdle of 
the liver in diabetes mellitus, and bring to one’s mind pertinent 
views of well known investigators, as represented by the following 
remark of Krehl (6): “The behavior of the liver will always 
remain of great interest with respect to the various forms of 
diabetes. After having stood at one time in the center of interest, 
it is now undeservedly relegated to the background.” 


This work was aided by a contribution from Mr. Hugo F. 
Urbauer. 


BIBLIOGRAPHY 


. Myers, V. C., and Killian, J. A., J. Biol. Chem., 29, 179 (1917). 

. Somogyi, M., J. Biol. Chem., 125, 399 (1938). 

Somogyi, M., Proc. Soc. Exp. Biol. and Med., 32, 538 (1934). 
Rachmilewitz, M., Am. J. Digest. Dis., 6, 184 (1938). 

. Cole, W. H., Am. J. Surg., 40, 245 (1938). 

. Krehl, R., Pathologische Physiologie, Leipzig, 6th edition, 482 (1910). 


OO em we 














THE COLORIMETRIC ASSAY OF WEAKLY PHENOLIC 
KETONES, “ESTRONE,” IN EXTRACTS OF HUMAN 
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Though biological methods for the determination of estrogenic 
hormones have the advantage of proving the presence of physio- 
logically active material, they have recognized limitations. 
Callow et al. (1) have expressed the opinion that, “Biological 
assay of estrogenic activity is an unsatisfactory method of examin- 
ing the mixture, consisting of estrogens and material augmenting 
their activity, obtainable from urine.”” The chemical methods of 
assaying human urine are, so far as we are aware, applicable only 
to urine of pregnant women (2-9). Any improvement in chemical 
assay overcoming this limitation and permitting the observation 
of change in endocrine function would, therefore, be an improve- 
ment over existing methods of chemical analysis. 

The present paper reports a procedure for the determination of 
the weakly phenolic ketone (estrone) content of extracts of 
human urines. It is not concerned with the problem of obtaining 
optimal extracts. For the purposes of this study the procedure 
of hydrolysis and extraction recommended by Smith e¢ al. (8) 
has been adopted. The purification procedure of Cohen and 
Marrian (3) has been modified to include several additional 
washings with 0.1 N alkali and to include a reducing agent (sodium 

* This work was supported by a grant from the Commonwealth Fund 


and was aided in part by grants from the Milton Fund of Harvard Univer- 
sity and the Rockefeller Foundation. 
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hydrosulfite) which facilitates the removal of non-estrogenic 
substances from the extract. The “estrone” fraction thus ob- 
tained is further purified by the use of Girard’s Reagent T which 
separates ketonic from non-ketonic substances. The ketonic 
fraction thus obtained should theoretically contain only sub- 
stances which are weakly phenolic and at the same time ketonic. 
Thus far estrone is the only example of that type of compound 
which has been isolated from extracts of human urine. The 
assay depends upon the formation of a colored compound when 
estrone is coupled with diazotized dianisidine. This coupling 
depends upon the presence of a phenolic hydroxyl group. No 
color is obtained, therefore, with non-phenolic ketones such as the 
neutral 17-ketosteroids (androgens). Preliminary data on the 
“estrone’”’ excretion determined by this procedure indicate that 
observed 24 hour values ranging from 0 to 600 micrograms cor- 
respond closely with the physiological status of the individuals 
studied. 


Analytical Procedure 


Reagenis—All reagents are of c.p. grade unless otherwise 
specified. 

Petrolatum, v.s.P., used in minimal amount on stop-cocks. 

Hydrochloric acid, commercial. 

Hydrochloric acid. 

Ethyl ether, anesthetic or c.p. Baker’s analyzed anhydrous 
freshly distilled in an all-glass distilling apparatus over CaO and 
stored in a dark bottle with bright iron wire. 

10 per cent, 0.1 N and 1.0 nN NaOH aqueous solutions (NaOH 
pellets) kept in Pyrex vessels. 

0.1 N NaOH-Na,S.0, reagent. Prepared immediately before 
use by adding 50 cc. of 0.1 N NaOH solution to 5 gm. of NasS,0, 
(J. T. Baker Chemical Company) in a 50 cc. glass-stoppered 
graduate. 

Approximately 0.5 Nn HCl (50 ce. of concentrated HC! diluted 
to 1 liter). 

Toluene. 

2 and 20 per cent Na,CO; solution, stored in a Pyrex container. 

Litmus and Congo red paper. 

Betaine hydrazide hydrochloride (Girard’s Reagent T) (East- 
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man Kodak Company), kept in a vacuum desiccator over con- 
centrated H.SO,. 

Glacial acetic acid. 

Concentrated sulfuric acid. 

Absolute alcohol. 

5 per cent sodium nitrite solution. 

5 per cent urea solution. 

Dianisidine dihydrochloride. Technical grade dianisidine 
(Eastman) is treated as follows: To 10 gm. of crude powdered 
dianisidine (m.p. 134.5-136.5°) are added 140 cc. of distilled 
water and 6 cc. of concentrated HCl. The mixture is stirred 
well and boiled until all solid material is dissolved. 0.5 gm. of 
stannous chloride is added to the dark solution and boiling con- 
tinued 5 minutes. To remove the slight remaining color, 1.0 
gm. of norit A (Pfanstiehl) is added and the hot solution is rapidly 
filtered. To the hot filtrate 50 cc. of concentrated HCl are added. 
After cooling in an ice bath, the precipitate is filtered with the 
aid of suction. The crystals are washed once with 10 cc. of 95 
per cent ethanol and then dried over NaOH in a vacuum desicca- 
tor until free from HCl. The resultant dianisidine dihydrochlor- 
ide is colorless and has a melting point of 283° (decomposes). 

Diazotized dianisidine. To 25 mg. of dianisidine dihydro- 
chloride add 3 cc. of distilled water. Mix carefully until dis- 
solved and add 0.3 cc. of concentrated HCl. Then add 0.6 cc. 
of freshly prepared 5 per cent sodium nitrite solution and mix 
thoroughly. After a period of 5 minutes, add 0.6 cc. of a 5 per 
cent urea solution. Mix thoroughly and let stand 5 minutes or 
until all the bubbles of gas have come off. The reagent is then 
ready to use. It is stable for about 6 days if kept in a dark 
brown bottle at room temperature. 

Collection, Hydrolysis, and Extraction of Urines—Glass-stop- 
pered containers and all-glass apparatus chemically cleaned are 
used throughout. The 24 hour urine sample is collected with 7 
ec. of commercial HCl added as a preservative. It is kept cool 
during the collection period and is hydrolyzed and extracted 
within 12 hours after completion of the collection period. 15 
volumes per cent of commercial HCl are added and the urine 
brought to a boil under an all-glass reflux condenser. After it 
has boiled exactly 10 minutes, the mixture is cooled immediately 
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under a stream of cold water. When cool, it is extracted four 
times with one-fifth the volume of ethyl ether.'_ The combined 
ether extracts are washed once with approximately 20 ec. of 20 
per cent Na,CO; solution. The total ether extract is then evapo- 
rated to approximately 100 cc. and transferred quantitatively to 
a 250 cc. Pyrex separatory funnel. The final volume is adjusted 
to 190 cc., so that in the subsequent purification, the amount of 
air in the separatory funnel is not excessive. 

Isolation of Weakly Acidic and Phenolic Substances from Ether 
Extract—The strongly acidic and phenolic substances are ex- 
tracted from the ether by washing alternately with three 25 
ec. portions of 0.1 N NaOH and two 25 cc. portions of 0.1 
nN NaOH-sodium hydrosulfite reagent. In the hydrosulfite- 
alkali extractions, the separatory funnel is tightly stoppered and 
shaken thoroughly for at least 3 minutes (or until the mixture is 
yellow in color). The ether is then washed twice with 25 ce. 
portions of 0.5 N HCl and three times with 25 cc. portions of 
water. All the washings are discarded. The remaining ether 
solution is evaporated approximately to dryness and the residue 
transferred quantitatively to a clean 250 cc. separatory funnel 
with four 25 cc. portions of toluene. The weakly phenolic 
substances are extracted from the toluene with four 25 ce. 
washings of 1 n NaOH? 

The combined 1 n NaOH extracts are made acid to Congo red 
paper (blue) with about 10 cc. of c.p. HCl and then adjusted to a 
pH that is acid to litmus and alkaline to Congo red by the addition 
of 20 per cent Na,CO; solution. This solution is cooled and 
extracted five times with 40 cc. portions of ethyl ether in a clean 


The urine may be extracted with carbon tetrachloride in a } hour 
period with the apparatus described by Hershberg and Wolfe (10). The 
carbon tetrachloride solution is evaporated to dryness and the residue 
transferred with 190 cc. of ethyl ether to a 250 cc. Pyrex separatory 
funnel. Following this the stated procedure for isolating the weakly acidic 
and phenolic substances is carried out. 

2 The total, a and 8 neutral 17-ketosteroids (androgens) which remain 
in the toluene may be assayed colorimetrically (11) after the toluene is 
washed three times with water, the toluene solution evaporated to dryness, 
and the residue taken up in absolute alcohol. Recovery of known amounts 
of crystalline dehydroisoandrosterone added after hydrolysis and extrac- 
tion but prior to the first 0.1 N NaOH washing has averaged 94 per cent in 
four experiments. 
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separatory funnel. The combined ether extracts are washed 
once with 25 cc. of 0.1 N NaOH, once with 25 cc. of 0.1 n NaOH- 
NasS.0, reagent, shaken at least 3 minutes, once with 25 cc. of 
0.1 Nn NaOH, twice with 25 cc. portions of 0.5 n HCl, and three 
times with 25 cc. portions of water. This purified ether extract 
is evaporated to dryness. 

Treatment with Girard’s Reagent T—The residue (light yellow 
or brown) is transferred quantitatively with four 1 cc. portions 
of absolute alcohol to a small Pyrex vessel graduated at 4 cc. and 
fitted with a removable all-glass reflux condenser. The final 
volume of the alcoholic solution should be between 4.0 and 4.2 ce. 
0.5 ec. of glacial acetic acid and 0.5 gm. of Girard’s Reagent T 


‘are added to the alcohol solution. The mixture is refluxed on 


the water bath for } hour. After cooling, the mixture is trans- 
ferred with 40 cc. of ice-cold distilled water to a separatory funnel. 
3 cc. of 10 per cent aqueous NaOH solution are added. The 
mixture is then extracted four times with 40 cc. lots of ethyl ether. 
These ether extracts (non-ketonic fraction) are discarded. The 
remaining aqueous mixture is delivered into a flask containing 
1 ec. of concentrated H,SO, diluted with 60 cc. of distilled water. 
The acidified mixture is transferred to a clean separatory funnel. 
40 cc. of ethyl ether are added, and the mixture is allowed to 
stand at room temperature for about 75 minutes. It is then 
extracted with the ether already added and with four additional 
40 cc. lots of ether. The combined ether extract is washed once 
with 25 cc. of 0.1 N NaOH and three times with 25 cc. lots of 
water. After the final water is carefully drained from the ether, 
the ether is transferred to a distilling flask and evaporated to 
dryness. The residue (weakly phenolic ketones) is dissolved in a 
measured volume of absolute alcohol (usually 1 to 4 cc.). 
Colorimetric Assay—0.3 cc. of the absolute alcoholic solution of 
ketones is delivered at the bottom of a 75 by 10 mm. dry test- 
tube. 0.75 cc. of 2 per cent sodium carbonate solution is then 
delivered into the tube. It is important to pipette these two 
solutions into the lower part of the test-tube without wetting the 
side walls above the level of the meniscus. 0.1 cc. of the diazo- 
tized dianisidine reagent is delivered as rapidly as possible, and 
the mixture is immediately mixed by stirring a few seconds with a 
footed glass rod. After 1 minute, 0.8 cc. of toluene is delivered 











324 ‘‘Estrone”’ in Urine 


into the tube with a 1 cc. tuberculin syringe fitted with a 19 gage 
steel needle. The tube is stoppered with a finger and shaken 
vigorously for a few seconds. A blank prepared in the same way, 
but containing no hormone, is developed in the same manner. 
The tubes are stoppered with cork and centrifuged at about 2500 
r.P.M. for 5 minutes. After centrifuging, the lower aqueous phase 
should be essentially colorless; the colored toluene layer should be 
clear and the color evenly distributed. 

0.6 cc. aliquots of the clear supernatant toluene from the tubes 
containing the blank and unknown preparations are carefully 
transferred with the tuberculin syringe to 1 cc. absorption cells 


TaBLe | 
Single Sample Experiment Taken from Series Establishing Proportionality 
Constant between Total Crystalline Estrone Determined in 
Sample and Amount Shown by Galvanometer Reading 








Total ay ple Galvanometer reading K 
7 
2.5 90 0.0183 
5.0 81 0.0183 
7.5 7 0.0167 
10.0 65 0.0187 
20.0 43 0.0184 
30.0 29 0.0179 
Average. . 0.0181 





* Six-eighths of this amount is read in the colorimeter; see ‘‘Analytical 
procedure.”’ 


of an appropriate photoelectric colorimeter. The toluene in the 
cells should be clear and free from water droplets or precipitate. 
By means of a filter with maximum transmission at 420 my, 
range 380 to 480 muy, the galvanometer with the absorption cell 
containing the blank in place is adjusted to the desired reading. 
This cell is then replaced by that containing the unknown sample, 
and the galvanometer reading of the unknown is obtained. The 
number of micrograms of weakly phenolic ketones (estrone) is 
determined by referring the galvanometer reading to a calibra- 


* We have used the Evelyn microcolorimeter with an open type absorp- 
tion cell of 1 cc. capacity and Filter 420. 














| — he =] 


= 


Berose 

















Talbot, Wolfe, MacLachlan, Karush, Butler 325 


tion curve in which galvanometer readings are plotted against 
known amounts of crystalline estrone (2.5 to 30.0 micrograms). 
Or, when the galvanometer reading of the unknown is set at 100, 
the micrograms of “estrone” in the sample analyzed are calculated 
from the equation C = 1/K (2 — log G), where K is the con- 
stant of proportionality determined from solutions containing 
known amounts of crystalline estrone (see Table I) and G is the 
galvanometer reading of the unknown. 


Results 


Fig. 1 shows the extinction-wave-length curves of the colored 
compounds formed by coupling diazotized dianisidine with crys- 
talline estrone, estradiol, and two samples of “estrone’’ extracted 
from the urines of two pregnant women. The shapes of the four 
curves are identical within the limits of experimental error. This 
identity, the absence of estradiol from the purified ketonic frac- 
tion of the extraction procedure, and the lack of any coupling of 
the neutral ketones with the reagent indicate that the weakly 
phenolic ketones extracted from human urine and assayed by 
this method are at least similar to crystalline estrone. 

The data obtained from a single sample experiment from among 
those carried out in establishing our calibration curve and con- 
stant of proportionality (K in the equation above) are presented 
in Table I. They indicate that the crystalline estrone in amounts 
ranging from 2.5 to 30 micrograms per sample analyzed may be 
determined with an error of approximately 10 per cent. The 
suggested linear proportionality between the color developed and 
the estrone concentration has been amply confirmed by many 
similar analyses. 

The data presented in Table II show an average recovery of 72 
per cent (range 60 to 88) of crystalline estrone in pure solutions 
in the purification procedure of the ether extract up to treatment 
with Girard’s Reagent T. | 

The data of Table III show an average recovery of 95 per cent 
of crystalline estrone in the ketonic fraction after treatment with 
Girard’s Reagent T. The data of Experiment 8 show, as might 
be expected, that the non-ketonic estradiol does not appear in 
the ketonic fraction. The absence of any color in the blank 
analyses, Experiments 1 to 3, shows that there are no extraneous 
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chromogens in the ketonic fraction obtained from pure absolute 
alcohol. This is of importance, because small amounts of such 
extraneous substances may be encountered in the ketonic fraction 
of blank solutions treated with Girard’s Reagent T according to 
the procedure described previously (11). 
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Fic. 1. Shape of the extinction-wave-length curves for reaction mix- 
tures containing estrone, estradiol, and urinary ‘‘estrone’’ extracts. @ = 
estradiol, O = estrone, + = pregnancy urine Extract 1, A = pregnancy 
urine Extract 2. 


The data of Table IV show the recovery of crystalline estrone 
added to one-half of the crude ether extracts of hydrolyzed urines 
from preadolescent children. The hormone was added after hy- 
drolysis and extraction but prior to the first 0.1 N NaOH washing. 
The “estrone” assay of the extracts to which no crystalline estrone 
was added averaged 1.3 micrograms per 24 hour sample. The 
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recovery of estrone in the halves of the crude ether extracts con- 
taining added hormone averaged 65 per cent, with a range of from 
57 to 79 per cent. This agrees with the recovery in pure solutions 
of crystalline estrone in the complete purification procedure (see 
Tables II and III) where the average recovery was 67 per cent. 


TaBte II 


Recovery of Crystalline Estrone in Purification of Extracts up to Treatment 
with Girard’s Reagent T 






































Experiment No. a iggens | Ratio (2):(1) 
— 3 | h Y Y 

1 25 20 | 0.80 
2 50 33 0.66 
3 | 50 30 | 0.60 
4 | 100 66 | 0.66 
5 | 100 86 | 0.86 
6 200 146 | 0.73 
7 | 200 140 | 0.70 
8 | 200 154 | 0.77 

aa neta | 0.72 

Taste III 
Recovery of Estrone in Ketonic Fraction after Treatment with Girard’s 
Reagent T 
Experiment No. | may on Ratio (2): (1) 
ey Y 7 

1 0 0 0 
2 0 0 0 
3 en | 0 0 
4 200 179 0.90 
5 | 200 200 1.0 
6 100 94 0.94 
7 | 25 24 0.96 
8 | 0 + 200° 0 0 

* Estradiol. 


The micrograms of weakly phenolic ketones (estrone) excreted 
per 24 hours in the urine of normal cyclic and pregnant women 
are presented in Table V. The relative order of magnitude of 
these excretion data corresponds with the physiological status of 
the subjects. 
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TaBLe IV 


Recovery of Known Amounts of Crystalline Estrone Added to One-Half of the 
Crude Ether Extracts of 48 Hour Pooled Hydrolyzed Urine from 
Preadolescent Children 
The results are expressed as total micrograms, per 24 hour sample. 


} 








a “Oe | Estrone added |  Theanstical Determined | __ Ratio (2):(1) 

1 | None 0 
| «0 | 40 | 254 0.64 

2 | None 4 
400 404 235 0.58 

3 None 0 
400 400 315 0.79 

4 None 0 
200 200 131 0.66 

5 None 0 
200 200 113 | 0.57 

6 None 4 
200 204 133 0.65 

TABLE V 


Weakly Phenolic Ketones (Estrone) Excreted per 24 Hours in Urines of 
Normal Cyclic and Pregnant Women 





Case No. Day y's + Weakly phenolic ketones 
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DISCUSSION 


The Smith et al. (8) procedure has been employed for the hy- 
drolysis and extraction of the urine samples. They have pre- 
sented evidence which indicates that the procedure permits 4 
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reasonably satisfactory recovery of estrogen. The additional 
washings with 0.1 N NaOH and 0.1 Nn NaOH-sodium hydrosulfite 
solution have been added to the Cohen and Marrian procedure 
(3) in order to remove substances chemically similar to quinones 
which are alkali-soluble when reduced but not when in the oxidized 
form. The evidence presented indicates that the hydrosulfite 
does not injure the hormones. The hydrochloric acid washings 
have the purpose of removing any residual hydrosulfite reagent. 
Girard’s Reagent T serves to separate the ketonic estrogen, estrone, 
from the non-ketonic substances which may include estradiol 
and estriol. 

Diazotized dianisidine was chosen as the most satisfactory 
color reagent, from a group of stable diazonium compounds sug- 
gested by Dr. N. A. Dahlen.‘ The reagent reacts to give a colored 
compound with phenolic substances. Because the neutral 17- 
ketosteroids are not phenolic, they give no color with the reagent. 
This characteristic makes dianisidine more suitable than m- 
dinitrobenzene which reacts to give a color with any 17-keto- 
steroid. The pH range at which diazotization of estrone will 
take place has been studied. It was found that the intensity of 
color given by a standard amount of the hormone varied slightly 
but consistently over a pH range of 7 to 10. The amount of 
sodium carbonate recommended gives a pH between 8 and 8.5, 
which is the range of optimal color development. A study was 
made of the other variables (amount of water, alcohol, reagent, 
and toluene), and their final proportions were selected to satisfy 
the optimal conditions. 

The loss of estrone encountered in the purification procedure is 
greater than could be desired, but being reasonably constant does 
not seriously interfere with the significance of the procedure. 

The data obtained on various types of individuals show the 
daily output of weakly phenolic ketones to be very low in normal 
preadolescent children, somewhat higher in young adult women, 
and much higher in pregnant women. In the absence of biologi- 
cal assays, it cannot be stated with certainty at present that the 
substance measured is estrone. However, as far as we are aware, 
estrone is the only weakly phenolic ketone known to be present in 


‘Staff member, E. I. du Pont de Nemours and Company, Inc., 
Wilmington. 
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extracts of hydrolyzed human urine. It is clear that the values 
reported here should be compared only with colorimetric or 
biological assays in which estrone has been separated from the 
other estrogens. Such a comparison has been made with un- 
published data of Smith. According to her, the values reported 
here are within the limits of those obtained on subjects of corre- 
sponding physiological status by biological assay of the ketonic 
portion of the estrone fraction (8). 


SUMMARY 


The present paper reports a method for the determination of 
the weakly phenolic ketone (estrone) content of the 24 hour urine 
extracts from patients of various ages. The relative “estrone” 
values obtained correspond closely to the physiological status of 
the individuals studied. 


The authors are indebted to Dr. L. F. Fieser who made many 
valuable suggestions during the course of this investigation. Dr. 
E. Schwenck, of the Schering Corporation, generously supplied 
the crystalline estrone and estradiol used herein. 
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STUDIES ON THE CHEMISTRY OF THE FATTY ACIDS 


VI. THE APPLICATION OF CRYSTALLIZATION METHODS TO THE 
ISOLATION OF ARACHIDONIC ACID, WITH A COMPARISON OF 
THE PROPERTIES OF THIS ACID PREPARED BY CRYSTALLIZA- 
TION AND BY DEBROMINATION. OBSERVATIONS ON THE 
STRUCTURE OF ARACHIDONIC ACID 


By G. Y. SHINOWARA anp J. B. BROWN 


(From the Laboratory of Physiological Chemistry, the Ohio State University, 
Columbus) 


(Received for publication, February 16, 1940) 


In previous work from this laboratory methods have been 
developed for the direct isolation of unsaturated acids by fractional 
crystallization at low temperature. By these methods it has 
been possible to prepare oleic acid of high purity from olive oil 
(1), linoleic acid 90 to 94 per cent pure from cottonseed and corn 
oils (2, 3), and 85 to 88 per cent linolenic acid (4) from linseed and 
perilla oils. These methods have been especially valuable, because 
for the first time it has been possible to prepare the latter two 
acids by a method other than the classic bromination-debromina- 
tion procedure. The yields by the crystallization methods are 
high but the purity of the product is not so satisfactory as that 
obtained by reduction of the bromides. 

One of the principal objectives in the present investigation 
was to apply the crystallization procedures to the isolation of 
arachidonic acid, CzoH3:O2. In a previous investigation Ault 
and Brown (5) described the preparation of methyl arachidonate 
from the fatty acids of suprarenal phosphatide by three proce- 
dures; namely, direct fractional distillation of the methyl esters, 
the lithium soap-acetone method of Tsujimoto, and reduction 
of methyl octabromoarachidate. 

In the present paper it is shown that methyl arachidonate of 
70 to 75 per cent purity can be prepared by fractional crysta!liza- 
tion of the methyl] esters of suprarenal phosphatides from acetone. 
Higher purity was not attainable by these methods, because 
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impure methyl arachidonate is liquid even at —80°. However, 
by efficient fractional distillation of the 75 per cent product the 
purity was raised to 95 per cent. As in the cases of linoleic and 
linolenic acids, it is possible to obtain much higher yields of less 
pure material by the crystallization methods. In the debromina- 
tion procedure about three-fourths to four-fifths of the arachidonic 
acid is “lost’’ in the liquid bromides. 

The constants of three specimens of methyl arachidonate, pre- 
pared by the debromination method, are compared with five 
specimens prepared by crystallization-distillation. The former 
specimens show appreciably lower polybromide numbers than 
the latter, prepared by purely physical methods. It is concluded 
that methyl arachidonate obtained by debromination is essentially 
the same compound as the ester prepared by crystallization, but 
the former does contain small amounts of an isomeric ester which 
gives a low polybromide number. 

Previous observations on the structure of arachidonic acid 
have been confined to analyses of the iodine number and mean 
molecular weight (by titration), bromine content of the methyl 
ester octabromide, and molecular weight and melting point of 
the reduced acid, arachidic. These constants definitely estab- 
lished the formula, C2oH3202, with four double bonds and a straight 
carbon chain. In this report the straight chain is further con- 
firmed by constants not only on the reduced acid but also on the 
methyl and ethyl esters of the reduced acid, all of which are in 
agreement with the constants of synthetic n-eicosanoic acid and 
its esters. The position of the double bonds in arachidonic acid 
has not been previously determined. Toyama and Tsuchiya 
(6) have isolated an eicosatetrenoic acid from sardine oil and 
have ascertained the position of its double bonds to be A-4-8-12-16. 
This structure was deduced from the products of ozonolysis 
which were exclusively succinic and butyric acids. In the present 
work the almost quantitative yields of products, by the ozonolysis 
and permanganate methods, obtained by the above investigators, 
were not obtained. From our data, it seems likely that one double 
bond is in the A-6 and another is in the A-18 position. The evi- 
dence is against the presence of double bonds in the A-9-12 posi- 
tions as in linoleic and linolenic acids. There is some evidence 
based on the diene number that the methyl arachidonate prepared 
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by debromination contains at least 5 per cent of conjugated bonds. 
This fact would support the view that the ester is a mixture of at 
least two compounds, one of which contains conjugated unsatura- 
tion. The thiocyanogen number of methyl arachidonate is one- 
half the iodine number. 

Although our data on the position of the double bonds are far 
from presenting a complete story, we include them here as a pre- 
liminary report, in view of the biological interest in arachidonic 
acid and because it does not seem possible to complete this work 
for some time. 


EXPERIMENTAL 


Preparation of Esters—The raw material used in this work was 
the phosphatide fraction of the lipids of beef suprarenals, the 
fatty acids of which have been shown to contain about 20 per cent 
of arachidonic acid (5), which was kindly furnished us by Dr. 
Oliver Kamm of Parke, Davis and Company. The phosphatides 
were converted into methyl esters by direct alcoholysis as de- 
scribed by Shinowara and Brown (7). 

Crystallization Experiments—We have carried out a large num- 
ber of crystallization experiments, starting with both acids and’ 
methyl esters. The fatty acids, having higher melting points, 
are more adapted to crystallization procedures, but it is more 
advantageous to use the esters, because the resultant products 
may be directly distilled without danger of serious alteration. 
It is to be noted that, unlike previous work with oleic, linoleic, 
and linolenic acids, crystallization procedures for arachidonic 
acid or its methyl ester are limited by the fact that the desired 
product is a liquid at —80° and thus is always carried over into 
the final filtrate. The following general procedure will result in 
a product containing 70 to 75 per cent methyl arachidonate. 

A 7 to 10 per cent solution of the esters in acetone is allowed 
to stand overnight at —20°. The crystals, containing most of 
the saturated esters, are filtered off with suction. If desired, 
they may be again dissolved and recrystallized and the two filtrates 
combined. The filtrate is cooled in a bath of dry ice and methyl 
alcohol to —70°. The crystals, containing most of the methyl 
oleate, are again filtered with suction in the —20° room as rapidly 
as possible. The filtrate, containing esters which are 50 to 60 
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per cent methy] arachidonate, is concentrated to about one-fourth 
its original volume and again cooled to —70° and filtered. The 
final filtrate contains 70 to 75 per cent arachidonate. So far we 
have been unable to obtain a product of higher purity by crystalli- 
zation methods alone, but by fractional distillation it is not difficult 
to increase the purity to 90 to 95 per cent. 

In the work which follows there are described briefly the results 
of four crystallization-distillation experiments and in addition 
two preparations of methyl arachidonate by the debromination 
procedure. 

Experiment I—800 gm. of esters in 12 liters of acetone were 
cooled to —20°, filtered, and the precipitate recrystallized from 
8 liters of acetone at the same temperature. Yield, 325 gm. 
of crystals; iodine number, 4.2. The combined filtrates were 
reduced in volume to 10 liters and cooled to —65°. An additional 
243 gm. of precipitate were filtered off. The esters of the filtrate 
contained 56 per cent methyl arachidonate. One crystallization 
of 175 gm. of these esters in 800 cc. of acetone at —75° gave 100 
gm. of 70 per cent product. This was distilled, the fraction coming 
over at 190-205° at 3 mm. amounting to 20 gm. (84.6 per cent 
‘methyl arachidonate). It is further described in Table I. 

Experiment II—2 kilos of esters (polybromide number, 20.2) 
were made up to 24 liters in acetone and directly cooled to —70°. 
The crystals were recrystallized from 16 liters of acetone at the 
same temperature. The combined filtrates contained 660 gm. 
(iodine number, 192.5; polybromide number, 42). 640 gm. of 
this product were cooled to —75° in 3000 cc. of acetone. Yield, 
325 gm. of crystals; iodine number, 168; polybromide number, 28. 
Yield, 315 gm. of filtrate esters; iodine number, 260. Fractional 
distillation of 270 gm. of this material at 1 mm. from a Claisen 
flask with a 25 cm. indented side arm gave three fractions as 
follows: 














Fraction No. | B.p. Weight I No. | Poly mee 
°C. et ar eae rere ee 
1 Below 175 170 229.1 40.1 
2 175-195 86 296 .2 79.2 
3 Above 195 8 306.2 86.2 
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Fractions 2 and 3, containing 91.5 and 99.5 per cent methyl 

arachidonate respectively, are described further in Table I. 
Experiment III—From several crystallization experiments, not 

described here, there was available a considerable quantity of 

















Taste I 
Analytical Data on Methyl Arachidonate Prepared by Different Methods 
| Polybromide | Per cent purity 
- No. from 
; ean | Todine —— Thio )——_______ 
8 l. = | 
tase sy wt | t No. | On 100 gen No. Iodine Fely- 
per cent No. | mide 
| | No. 
1. Crystallization- | | | 
distillation, | 
Experiment I.| 313.7) 289.3) 84.6 | 97.7 | 87.5, 97.8 


2. Same, Experi- 
ment II, Frac- | 
tion 2....-....| 315.2)1.4800| 296.2) 79.2 | 87.0 91.0' 91.5 

3. Same, Experi- | 
ment II, Frac- 


| | 






































tion 3.........| 317.7|1.4845| 306.2) 86.2 | 90.7 95.0) 99.5 
4. Same, Experi- | 
ment III...... | 316.5)1.4812) 300.3) 80.0 | 87.0 92.0) 92.0 
5. Same, Experi- | | | 
ment IV...... | 17.21.4815, 306.0) 86.3 | 91.4 159.0 | 94.4) 99.8 
6. Reduction, Ex- | 
periment V... 318.0)1.4824 319.0) 86.3 | 86.3 |161.1 | 100.0) 100.0 
7. Reduction, Ex- 
periment VI. .| 315.8/1.4823) 312.8) 84.1 | 86.3 97.5} 97.5 
8. Reduction of | | 
bromides*.....| 318.811.4723) 316.9) 86.5 | 86.6 99.5} 100.0 
9. Lithium soap- | | 
acetone*...... 319.2 286.2) 76.2 | 88.0 86.0} 88.2 
10. Fractional dis- | 
tillation*.....) 311.5) 261.8 74.4 | 99.0 75.6) 86.0 
SS ne 318.0 319.0 159.5t 
* From Ault and Brown (5). 
t For two double bonds. 


75 per cent methyl arachidonate. 370 gm. of this material were 
fractionated once through a special 25 mm. vacuum-jacketed 
column, 75 cm. long. The fraction coming over at 170-172° 
at 0.5 mm., amounting to 145 gm., gave an iodine number of 
300.3 (see Table I). 
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Experiment IV—There were available 135 gm. of esters with 
an iodine number of 300.6 and 70 gm. with an iodine number of 
302.4. These were combined and redistilled in the column de- 
scribed in Experiment III. The 157.5-160° fraction, 145 gm., 
gave an iodine number of 306.0 (see Table I). 

Experiment V—2330 gm. of distilled methyl esters obtained 
from various intermediate crystallization fractions and containing 
26.5 per cent methyl arachidonate as calculated from the poly- 
bromide number were dissolved in 11 liters of ether and brominated 
at 0°. The octabromides were washed six times by decantation 
with ether at 0°; yield, 516 gm.; m.p., 228.5-229.5° (uncorrected); 
bromine, 66.6 per cent (theory, 66.7). 

410 gm. of the bromides were suspended in 1.5 liters of boiling 
methanol and reduced with zine for 24 hours. The yield of the 
distilled product was 92 gm. (70 per cent of theory) (see Table I). 

Experiment VI—52 gm. of methyl arachidonate were obtained 
by the bromination-debromination method from 1750 gm. of 
original esters (polybromide number, 18.2) (see Table I). 


DISCUSSION 


In Table I the analytical constants of five of the crystallization- 
distillation preparations are compared with those of methyl 
arachidonate obtained by debromination and by other methods. 

Purities in Table I are calculated from the iodine numbers, 
assuming the specimens to be mixtures of methyl arachidonate 
and oleate. Since it is possible that the impurity is not entirely 
methyl oleate but may consist in part of some saturated esters, 
we believe the per cent purity as calculated from the iodine number 
is low. Purity was calculated from the polybromide number by 
the method of Ault and Brown (5). The data are interesting 
from a number of view-points. 

Yield—By the bromination method it is possible to prepare 
about 80 to 90 gm. of pure ester from 1850 gm. of phosphatide 
esters. This represents less than one-fourth the total amount 
present, the remainder being lost principally as soluble octa- 
bromides. In constrast to these results in Experiment I there 
were obtained 100 gm. of 70 per cent methyl arachidonate from 
800 gm. of esters and, in Experiment II, 315 gm. of 75 per cent 
product from 2 kilos of the esters. In addition to these products 
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it would not be difficult to obtain from the discarded fractions 
additional amounts of the desired ester by repeating the crystal- 
lization-distillation procedures. An efficient application of these 
methods therefore would result in the isolation of something 
approaching the theoretical amount of methyl arachidonate 
present. On the other hand the purity could not equal that of 
the debromination product. 

Identity of Products Obtained by the Two Procedures—The purities 
as calculated from the iodine and polybromide numbers show 
satisfactory agreement in all specimens except Nos. 1 and 10. 
Also, when the per cent purity, calculated from the iodine number, 
is used to correct the polybromide number to 100 per cent purity, 
the results show an average of 90.7 for the five crystallization 
specimens and 86.4 for the three reduction specimens of methyl 
arachidonate. We believe that these are significant but not 
fundamental differences, which may be explained as follows: The 
arachidonic acid in the original esters, and probably also in the 
original phosphatides, is a single acid which is the product isolated 
by the physical methods employed, crystallization and distilla- 
tion. The ester obtained by bromide reduction, on the other 
hand, is a mixture of this original compound with small amounts 
of isomeric arachidonic acids which give a lower or possibly a 
zero polybromide number. Assuming the impurity to be a com- 
pound giving a zero polybromide number, it must be present 
to the amount of about 5 per cent to account for the difference 
noted. We have obtained similar results and have drawn similar 
conclusions in work in this laboratory on linoleic and linolenic 
acids. Apparently, debromination of the several bromides of the 
unsaturated acids is accompanied by isomerization, either of the 
cis-trans or double bond position type. 

Thiocyanogen Number—The thiocyanogen numbers of the two 
specimens tested were 159.0 and 161.1 (theory, 159.5 for two 
double bonds). Thiocyanogen reacts practically quantitatively 
with two of the four double bonds of arachidonic acid (25°). 


Preliminary Observations on Structure of Arachidonic Acid 


Previous work on the structure of arachidonic acid has shown 
that it is a straight chain eicosatetrenoic acid, CooH2O2. In 
the present work further evidence for the straight chain structure 
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is presented; also preliminary attempts to locate the position 
of the double bonds are described. 

Hydrogenation of Methyl Arachidonate—Methyl arachidonate 
(Specimen 5, Table 1) was hydrogenated in a Burgess-Parr ap- 
paratus. From the resulting methyl arachidate the free acid and 
the ethyl ester were prepared. Molecular weights and melting 
points are given in Table II. 

Diene Number—For the determination of the diene number, 
which is a measure of conjugated double bonds, the authors are 
indebted to Dr. K. 8. Markley of the United States Regional 
Soybean Industrial Products Laboratory, Urbana, Illinois. The 
diene numbers of methyl arachidonate for the crystallization 
Specimen 5 and the debromination Specimen 6 were 9.1 and 7.9 
respectively. Dr. Markley interprets these numbers to indicate 


TaB_e II 


Analytical Data on Arachidic Acid and Its Methyl and Ethyl Esters, Prepared 
from Methyl Arachidonate 




















| Arachidic acid | Methylester | Ethyl ester 
Mol. wt., theory. ........... 312.3 | 326.30 | | 340.8 
7 We OMNES ilies eiwse 312.6 326.7 | $40.1 
EN a eee 76.3-77.0 | 46-47 | 42.0-42.1 
‘* m-eicosanoic acid (8), °C. 76 -77 46-47 41.5-42.5 
“* arachidic acid (9), °C... 77 | 54.5 | 50 





that about 5 per cent of the double bonds in these products is 
conjugated. This may mean that the ester is a mixture of two 
isomeric acids, or that under the conditions of the diene number 
determination part of the ester rearranges into a conjugated con- 
figuration. 

Ozonolysis and Acetone-Permanganate Oxidation—Attempts to 
locate the position of the double bonds in methyl] arachidonate 
were confined to six ozonolysis and three acetone-permanganate 
oxidations. This latter method as described by Collins and 
Hilditch (10) was successfully used by Haworth (11) for deter- 
mining the structure of linoleic acid. The almost theoretical 
yields of fragments obtained by Toyama and Tsuchiya (6) for 
sardine oil eicosatetrenoic acid were not obtained in any of our 
experiments. These investigators isolated butyric and succinic 
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acids in quantitative amounts. Since our work is inconclusive, 
we will report briefly only the facts which seem at present justified 
by our data. 

1. Acetaldehyde was identified in two ozonolysis experiments. 
The volatile decomposition products, which were collected in 
cold water, gave a strongly positive Schiff’s test; the 2,4-dinitro- 
phenylhydrazone and the p-nitrophenylhydrazone melted at 
164° and 126.5° respectively. The melting points of the pure 
acetaldehyde derivatives are 164° and 127.5°. The fragment 
CH;—CH= is therefore present, indicating a A-18 double bond. 

2. The =CH—CH,—-CH= fragment is probably not present. 
Decomposition of the ozonide with hot H,O, solution failed to 
produce more than traces of CO:. If the above 3-C fragment 
had been produced, COz would have resulted from decomposition 
of malonic acid. 

3. Oxalic acid which might have originated from decomposition 
of malonic acid or from the =-CH—-CH= fragment could not be 
isolated although careful search was made. 

4. Azelaic acid, resulting from the —CH(CH,);CH= or 
=CH—(CH:);—-COOH fragments, was not found although it 
was easily isolated in control experiments on oleic and linoleic 
acids. It is concluded that the first double bond is closer to the 
carboxyl than the A-9 position. 

5. Succinic acid was definitely identified in one ozonolysis 
experiment following HO, oxidation. The acid melted at 185° 
(m.p. of succinic acid, 189-190°). The barium salt contained 
54.4 per cent Ba (theory, 54.2 per cent). Either fragment 
=CH—(CH:)-—-CH= or —CH—(CH:):—COOH is therefore 
present. 

6. In two experiments adipic acid, CsHioO,, was definitely 
isolated and identified; m.p., 154° (m.p. of adipic acid, 151—153°); 
neutralization equivalent, 69.9 (calculated 73.0). 

As a result of this work it seems that the formula must be 
represented by one CH;—CH=, three =CH—(CH:).—CH=, 
and one —CH—(CH:),—CH= fragments. We favor A-6 as 
the position of the first double bond, because arachidonic acid 
gives a theoretical iodine number. It would appear that a A-4 
double bond would add IBr or ICI slowly. We suggest, therefore, 
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that the arachidonic acid occurring in adrenal phosphatides is 
A-6-10-14-18-eicosatetrenoic acid. 


CH;—CH=CH—(CH:):—CH=CH—(CH:):—CH=CH—(CH:):— 
CH=CH—(CH:),—COOH 


We feel, however, that until we can isolate nearly the theoretical 
yield of products from a single experiment the above formula 
must be considered as tentative. It is to be observed that none 
of the double bonds is in the interesting 9-12 position as in linoleic 
and linolenic acids, the other two essential fatty acids. This 
work is being continued. 


SUMMARY 


1. Crystallization procedures at low temperature have been 
applied to the methyl esters of adrenal phosphatides. The 
methyl arachidonate, contained therein, has been concentrated 
to 70 to 75 per cent by these procedures. 

2. Five preparations of methyl arachidonate, 87.5 to 95 per 
cent pure, prepared by crystallization and distillation have been 
analyzed and compared with three purer specimens prepared 
by reduction of methyl octabromoarachidate. 

3. The polybromide numbers of the crystallization-distillation 
specimens averaged 90.7 as compared to 86.3 for the debromina- 
tion specimens. The significance of these results is discussed. 

4. Preliminary data on the structure of arachidonic acid are 
reported and a tentative structure proposed. 
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The decomposition of nitrogenous compounds (iminazoles, 
purines, amino acids, etc.) in vitro by ascorbic acid has been ex- 
tensively investigated by Edlbacher and von Segesser (1), and to a 
lesser degree by Holtz and Triem (2). In all cases, the compounds 
under investigation were dissolved in phosphate buffer together 
with stated amounts of ascorbic acid. To facilitate the decom- 
position and to aid in the collection of the ammonia liberated, a 
stream of oxygen was passed through the solution, the temperature 
remaining constant. By determining the amount of ammonia 
evolved during the reaction, the decomposition of the nitrogenous 
substances was measured. 

In this paper an attempt to study the decomposition of 
iminazoles and purines by ascorbic acid in vivo is described. 
Because of the limitations of specific and sensitive chemical tests 
for these compounds, only thioneine, uric acid, and histamine 
were studied. Uric acid was estimated by Folin’s procedure (3), 
thioneine by the method of Hunter (4). Histamine was measured 
by its hormone-like action on the HCl in the gastric secretion, on 
the assumption that histamine is the activator of HCl in the 
gastric juice. Urea nitrogen was determined because of the 
possibility of formation of ammonia, which would be converted 
to urea nitrogen in vivo. 


EXPERIMENTAL 


In Vitro—Since neither group of investigators had studied the 
action of ascorbic acid on thioneine in vitro, it was deemed neces- 


* The ascorbic acid used in these experiments was generously supplied 
by E. R. Squibb and Sons and in part by Hoffmann-La Roche and Com- 
pany, A. G. 
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sary to perform this experiment prior to any in vivo studies. Using 
a technique similar to that of Edlbacher and von Segesser, we 
observed that at the end of 9 hours 14.3 mg. of N were evolved as 
ammonia from 100 mg. of thioneine. The technique of Holtz 
and Triem gave results in the same order of magnitude, but the 
decomposition was much slower. There was little change in the 
decomposition after the 9th hour, although the reaction was kept 
going for 24 hours. 

Experiments on Animals—Rabbits of both sexes weighing 2.5 
to 3.0 kilos were used. One group received 50 mg. of ascorbic 
acid per kilo, in 5 cc. of water, intravenously. 0.2 mg. of iron as 


Taste | 
Effect of Ascorbic Acid on Blood Thioneine of Rabbits and Guinea Pigs 
The values are given in mg. per cent. 





Before | After administration 
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| tion | phe. | ghr. | 2hr, | 4hr | Shr | 24 hre 
Rabbits 

a* | 73 | 78 | 79 | 76 | 70 | 73 | 82 

it | 7.9 | 82 | 7.9 | 85 | 74 | 7.1 8.1 
Guinea pigs 

a* | 8.7 | 93 | 82 | 83 | 8.9 9.4 9.8 

17t 8.1 81 | 88 | 80 86 90 | 83 





* Ascorbic acid administered. 
t Ascorbic acid + 0.2 mg. of iron (as ferric ammonium citrate). 
t Ascorbic acid + 0.1 mg. of iron (as ferric ammonium citrate). 


ferric ammonium citrate was given to the other group in addition 
to the ascorbic acid. The solutions were prepared just before 
use and sterilized by Berkefeld filtration. All food was withheld 
from the animals 7 hours before the experiment. Only water and 
excelsior were in the cages during the 34 hour experimental 
period. Blood was obtained by the intracardial route and was 
divided into three parts. The portion used for thioneine deter- 
minations was deproteinized with tungstomolybdic acid according 
to the method of Benedict and Newton (5). The portion for 
uric acid studies was freed of protein by tungstic acid. The 
remaining blood was used for urea nitrogen determinations (6). 
This procedure was used throughout the entire experiment. As 
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determined by the Hunter procedure, there was no great variation 
in the blood thioneine of the individual animals, so only the 
average group figures are presented in Table I. 

Guinea pigs of both sexes, weighing 275 to 375 gm., were kept 
under the same environmental conditions as the rabbits. They 
were divided into two groups, one of which received 25 mg. of 
ascorbic acid in 2 cc. of sterile water intraperitoneally, and the 
other an equal amount of the acid plus 0.1 mg. of iron. Nineteen 
animals died during the course of the experiment owing to numer- 
ous bleedings. Urea nitrogen and uric acid were not determined 
in either the guinea pigs or rabbits because of the difficulty en- 
countered in obtaining sufficient blood. As in the previous experi- 
ment, there was but slight variation in the findings from animal 
to animal and, consequently, only the average figures are pre- 
sented in Table I. 











TaBLe II 

Effect of Ascorbic Acid on } Blood Components and Gastric HCl in Humans 
Rs ee Let bole ol Bee 
Blood thioneine, mg. %...| 5.2 | 5.6 | | 5.7) 5.0! 5.9! 5.4 

“ urea N, mg. %.. 12.0 | 12. 2 | 11.5 | 13.2 | 12.0 | 13.0 

“uric acid, mg. %.. | 2.4) 2. 4 | 3.0; 2.9) 2.6] 2.5 
Time, hrs. :. | 0 x ot 3) 2* | | 4 
Gastric free HCl, undies... 17 25 29 59 21 

ee Be “a 28 | 37 38 70 30 

















* 1 mg. of histamine hydrochloride was administered intramuscularly. 


Experiments on Humans—The fourteen subjects selected for 
the investigation were all males between the ages of 19 and 35 
years. The Rehfuss tube was passed into the stomach of the 
fasting subject. Specimens of gastric juice and blood were taken 
before and at stated intervals after the intravenous administration 
of ascorbic acid. At the end of a2 hour period, 1 mg. of histamine 
hydrochloride was given parenterally to determine whether its 
effect would be modified by the previously administered ascorbic 
acid. Since Potter and Franke (7) demonstrated the exogenous 
source of thioneine in animals, foods low in thioneine precursors 
were ingested between the 5 and 24 hour periods. 

The average figures in Table II indicate that the action of 
histamine was not modified. HCl is reported in the customary 
units. 
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Seven members of the original group of fourteen men were 
given 2.5 mg. of iron as ferric ammonium citrate in addition to 
the ascorbic acid. The results were of the same order of magni- 
tude as with subjects not receiving any intravenous iron and are 
therefore omitted. As measured by the gastric acidity, histamine 
hydrochloride parenterally administered was unaffected in action. 


DISCUSSION 


It appears from the data that comparatively large amounts 
of ascorbic acid injected intravenously in man and rabbit, and 
intraperitoneally in the guinea pig, leave the iminazole ring of 
thioneine and the purine ring of blood uric acid untouched. If 
any appreciable deamination took place in the numerous nitrogen- 
ous compounds in the blood, detectable changes above those due 
to technique would have been observed in the urea nitrogen 
determinations. No such changes were found. 


We wish to thank Dr. Harold Fink, pathologist, and Mr. H. C. 
McCall for helping to make this work possible. 


SUMMARY 
The iminazole ring of thioneine is split hydrolytically, in vitro, 
by ascorbic acid. 
Blood thioneine of guinea pigs, man, and rabbit is unaffected 
by ascorbic acid in vivo. Blood uric acid in man is also unaffected. 
The iminazole ring of histamine is probably untouched by 
ascorbic acid in vivo, as measured by its hormone-like effect on 
the gastric secretion of HCl. 
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Many workers have been interested in determining the electro- 
lyte and water equilibria of the body in normal individuals and 
also in observing the mechanisms of adjustment following dis- 
turbances encountered in disease or following disturbances pro- 
duced by various experimental procedures. In 1932 Loeb (1) 
made the important observation that a marked lowering of the 
serum sodium occurs in the crises of Addison’s disease. A short 
time later Loeb, Atchley, Benedict, and Leland (2) and Harrop 
and his coworkers (3, 4) observed the same change following double 
adrenalectomy in dogs and found it to be associated with a negative 
sodium balance. Among other electrolyte and water disturbances 
noted were decreases in serum chloride and bicarbonate, an 
elevation of serum potassium, and hemoconcentration. Subse- 
quent to this work numerous publications have appeared dealing 
with the influence of the adrenal cortex on various phases of the 
metabolism of salt and water of the body. 

The previous studies on dogs have indicated that rather marked 
electrolyte and water disturbances of the blood may be encoun- 
tered in adrenal insufficiency. This fact aroused our interest in 
determining whether or not the physicochemical laws which have 
been established for normal conditions (5) also held under such 
circumstances. Consequently the experiments included in this 
paper were undertaken for the following purposes: (1) to obtain 
further information regarding the extent of the electrolyte and 
water changes of the blood of dogs in adrenal insufficiency; (2) 
to observe whether the distribution of electrolytes between serum 
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and cells is in accordance with the Gibbs-Donnan law; and (3) 
to observe the changes in the equilibria between serum and cells 
of dogs in adrenal insufficiency following the injection of cortical 
extract alone. 

To conserve space only the literature dealing with studies on 
dogs or literature having a direct bearing upon the present prob- 
lems will be cited. 


Methods and Calculations 


Adult dogs were used in this study and were placed on a constant 
diet for at least 2 weeks before the experiments were undertaken. 
Aside from four dogs, which received Purina Dog Chow, the diet 
(high in sodium, low in potassium) suggested by Nilson (6) was 
employed. The control blood was withdrawn under oil from the 
femoral artery 24 hours after the last feeding and placed under oil 
in two special centrifuge tubes containing heparin to prevent 
clotting. The blood in the one tube served for the whole blood 
analyses. The second tube was immediately centrifuged for 10 
minutes and the larger part of the serum was withdrawn and 
stored under oil for analyses. After the remaining serum had been 
removed and discarded, the tube was centrifuged again for 1 hour 
at a high rate. The contents of the latter served for the cell 
analyses, after any remaining serum had been carefully withdrawn. 

The adrenals were removed in two stages and the animals were 
kept in a normal condition for a number of days following the 
second operation with the aid of cortical extract. The dogs were 
allowed to regress into insufficiency by discontinuing the extract 
and by reducing the sodium chloride intake (and in most instances 
by also including 0.5 gm. of KH,PO, daily in the diet). The ex- 
perimental arterial blood was obtained from animals showing 
rather marked insufficiency and was treated as outlined above. 
A brief description of the experiments in which animals in adrenal 
insufficiency were treated with cortical extract will be given later. 

The serum was analyzed for pH,, water, chloride, carbon 
dioxide content, total protein, sodium, and potassium. The whole 
blood was analyzed for oxygen and carbon dioxide content, oxygen 

1 The authors are indebted to Parke, Davis and Company and to The 


Upjohn Company for the cortical extract employed in these experiments 
and those reported in Paper II (7). 
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capacity, cell volume, water, chloride, sodium, and potassium. 
The cells were analyzed for water, chloride, sodium, and potassium. 

For the sodium and potassium determinations weighed samples 
(between 5 and 6 gm.) were dried to constant weight at a tempera- 
ture of 105-110°, and ashed in the same manner as described by 
Cullen and Wilkins (8) for tissues. After treatment in the muffle 
furnace, the ash was dissolved in hot water, and the volume brought 
to 25 cc. Following filtration, sufficient solution was obtained to 
make duplicate determinations of sodium by the Butler and Tut- 
hill (9) method and of potassium by the cobaltinitrite technique 
(10). All the other analyses were performed in duplicate in 
essentially the same manner as described elsewhere (11). Ex- 
cept for a relatively few instances, the pH, was determined by 
means of the hydrogen electrode at 38°, and, when it was neces- 
sary to employ the colorimetric method, a colorimetric correction 
of 0.30 pH was used (12), 

The bicarbonate content of the cells was calculated indirectly 
from the whole blood and serum values and the cell volume. The 
chloride, sodium, and potassium contents of the cells were ob- 
tained both by direct and indirect analysis. With either method 
the cell chloride and the cell sodium concentrations usually agreed 
very well, but when any significant deviation was encountered the 
value for the direct determination was recorded. In the case of 
the cell potassium the agreement was not so consistent and the 
discrepancy was not entirely regular. Consequently, the values 
for cell potassium which are reported represent averages of the 
two determinations in each instance. The base bound by the 
serum protein was calculated by the equation of Van Slyke, 
Hastings, Hiller, and Sendroy (13) and the base bound by the 
cell hemoglobin was calculated by the equation of Van Slyke, Wu, 
and McLean (5). The distribution ratios rCl and rHCO; were 
corrected for incomplete oxygenation of the blood as described by 
Hastings, Sendroy, McIntosh, and Van Slyke (14). The latter 
represented only a small correction, since arterial blood was 
employed. 


EXPERIMENTAL 


Electrolyte and Water Distribution in Normal Blood—A summary 
of the data obtained from the analysis of the serum and cells of 
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twenty-four normal dogs is given in Table I. The acid-base 
equilibria of the two phases are on the whole similar to those 
reported by Dill, Edwards, Florkin, and Campbell (15). The 
range for the serum sodium is in agreement with that reported 
by Hastings and Eichelberger (16). Yannet, Darrow, and Cary 
(17) found the mean values for the sodium of serum and cells in 


TABLE | 


Electrolyte and Water Content of Serum and Cells of Twenty-Four 
Normal Dogs 


Serum Erythrocytes 

Mean | Sum |imum| ¢ | Me | ium |imum| ¢ 
Water* ....... (917.6 | 926 | 912 | 3.6 (652.8 | 661 643 5.0 
Yeh ER 7.42 7.5 7.3 0.06 | 
BCIt 117.2| 121 114 (2.2 |80.5 | 89 | 76 (2.7 
BHCO;,t...... 23.1 | 28 18 2.4 | 18.0 | 21 15 1.8 
BPrt wc viaww ea anaes. Si 14 | 1.1 | 63% 77 «| 49 «417.6 
Determined acidf. .|156.6 | 161 153 | 2.4 162.2t | 176 143 «7.8 
Nat ....... (155.9 | 160 | 152 | 2.2 [145.0 | 152 [135 (4.3 
Beit. aT 2 |0.5 8.9t; 12 | 6 [1.1 
Determined baset.. 159.4 | 164 | 156 | 2.2 |153.8t/ 159 (143 4.6 
Base minus acidf 2.8; 10 | —3 | 3.1 |-—8.4t |-22 (| 14 (9.2 
Protein§.......... 6.3 7 5 | 0.3 
Cell volume] 49.4 60 | 32 (4.6 
rCl.. 0.682 0.73 0.660.016 
rHCO,.............| 0.770 0.85 0.71/0.041 


o = standard deviation. 
* Gm. per kilo. 

t Milliequivalents per kilo of water. 

t Based upon twenty-three observations. 
§ Gm. per 100 cc. 

|| Ce. per 100 ce. 


thirty-nine observations to be 155.3 + 10.2 and 142.6 + 12.2 
milliequivalents per kilo of water, respectively. The latter 
values are in close agreement with the mean values for serum and 
cells, namely 155.9 + 2.2 and 145.0 + 4.3 milliequivalents per 
kilo of water, respectively, found in the present series. The 
value 3.5 + 0.5 milliequivalents per kilo of water for serum 
potassium given in Table I is somewhat lower than that found by 
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Hastings and Eichelberger (16), McIntyre (18), and others. The 
explanation for this difference is not entirely clear; however, it 
might be pointed out that the animals employed in the present 
study were receiving a low potassium diet. The cell potassium, 
8.9 + 1.1 milliequivalents per kilo of water, is somewhat lower 
than the average value of 10.8 milliequivalents per kilo of water 
reported by McIntyre (18) for ten normal dogs. 

Dill, Edwards, Florkin, and Campbell (15) compared the dis- 
tribution of chloride and of bicarbonate between serum and cells 
in oxygenated blood, pH, 7.45, and found the chloride distribution 
ratio (rCl) to be 0.65 and the bicarbonate distribution ratio 
(rHCO;) to be 0.765. By comparing these values with those 
obtained on normal human subjects, the latter authors concluded 
that there is no significant difference between the two species 
either in the absolute magnitude of r or in the relation of rCl to 
rHCO;. From Table I it will be seen that the mean value for 
rCl was found to be 0.682 + 0.016 and that for rHCO; was found 
to be 0.770 + 0.041 at a mean pH, of 7.42. In this connection 
it might be pointed out that Hastings, Sendroy, McIntosh, and 
Van Slyke (14) reported the following mean values for rCl and 
rHCO; (mean pH,, 7.38) for nine normal human subjects; namely, 
0.689 and 0.786, respectively. In view of the similarity of the 
values above, the lines constructed in Fig. 1 to show the change of 
rCl and rHCO; with pH, in oxygenated blood have been taken 
from Dill, Edwards, and Consolazio (19) and represent the changes 
for human blood. 

Electrolyte and Water Content of Serum and Cells in Adrenal 
Insufficiency. Serum—A summary of the data obtained from 
the analysis of serum and cells of eleven dogs in adrenal insuffi- 
ciency is presented in Table II. By comparing the mean values 
given in Table II with those shown in Table I, it will be observed 
that there was a marked fall of the serum water and an increase 
of total protein. There was a decrease of the mean pH, of 0.21 
and this was accompanied by deficits of chloride, bicarbonate, and 
sodium of 9.8, 10.6, and 16.0 milliequivalents per kilo of water, 
respectively. At the same time the mean serum potassium had 
risen by 5.6 milliequivalents per kilo of water. It will be noted 
that the sum of the mean deficits of chloride and bicarbonate ex- 
ceeded that of sodium. An increase in the excess of determined 
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base over determined acid was encountered in nine of the eleven 
experiments. However, the undetermined acid value was 
markedly increased only in the terminal stages. It appears, 
therefore, that the acidosis, which may become extreme in terminal 
adrenal insufficiency (minimum values for pH, of 7.0 and for bi- 
carbonate of 7 milliequivalents were encountered), is the result 
of a relatively greater loss of sodium over chloride, an extension 





TaBLe II 
Electrolyte and Water Content of Serum and Cells of Eleven Dogs in Adrenal 
Insufficiency 
Serum Erythrocytes 


| Max-| Min- | Mase | Mine | 
Max- Min-| | Mean | Max | Min 














Mean imum imum imum|imum|) % 
ae. 25. EN 899.0 914 883 | 9.3 664.4 676 653) 7.0 
OR oudact. hansen suds scat | 7.21) 7.3) 7.0, 0.12 | 4 
NS ca anak Sidow sera es 107.4 117 | 94 6.6 | 79.6) 85) 75, 24 
Pale APR }12.5|18 | 7 |3.3/10.5| 13] 6 3.1 
Sere i (19.7/24 (16 |2.1/44 | 56| 28 10 
Determined acidt........ 139.6 (151 127 | 7.1 134.1 | 147) 116 10 
Nat NRHA. bel 189.9 |147 132 | 4.7 (128.7 140 118 6.0 
BQiviis...sleisliv.s...sf O81 1 4 188] 0.) Sa 
Determined baset......... 149.0 164 138 | 5.7 137.73, 150) 126 6.9 
Base minus acidf..........| 9.4 34 | 0 10.3 5.6{ 26 | —12 10.4 
ay gli RS | 8.1/ 9 | 7 | 0.6 | 
Cell volume]]............ 58.3 70 51 6.1 





* Gm. per kilo. 

t Milliequivalents per kilo of water. 
t Nine observations. 

§ Gm. per 100 ce. 

|| Ce. per 100 ee. 


of base bound by protein, and an increase of the undetermined 
acid value. 

The directions of the changes of the various serum constituents 
encountered in the present experiments agree with those reported 
by others (2, 4, 20-25) who have allowed dogs to go into insuffi- 
ciency by discontinuing cortical extract administration. 

Cells—The following changes of the mean cell values were 
found to accompany the serum water and electrolyte disturbances 
recorded above; namely, a gain of water (water was found in- 
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creased in nine instances, decreased in two, and unchanged in 
one), an increase of cell volume, little or no change of the chloride 
and potassium concentrations, and deficits of bicarbonate and 
sodium. The fall of the determined cell anion content was greater 
than that of determined base. 

Although the anion and cation changes of the cells will be dis- 
cussed later along with those encountered in other experiments, 
it should be pointed out that Nilson (6) observed a high level of 
potassium in the cells in acute adrenal insufficiency in dogs, 
caused by a high intake of potassium. This increase was noted 
just before crisis and the value fell rapidly following treatment. 
Some correlation between the changes of serum and cell sodium 
was reported and it appeared that the cell chloride level was main- 
tained. Hegnauer and Robinson (26) studied the composition 
of the cells of cats in adrenal insufficiency and found a decrease in 
the concentration of cell sodium and an increase of cell potassium. 
In the present experiments the cell potassium did not change 
greatly. When the cell potassium concentration was corrected 
toa solid content equal to that of the control cells, a small absolute 
gain was observed. 

Electrolyte and Water Changes of Blood Following Cortical Ez- 
tract Administration—In the interest of observing the effect of the 
administration of cortical extract alone upon the electrolyte and 
water equilibria of the blood in adrenal insufficiency, arterial 
blood was obtained from four dogs in insufficiency and then again 
after treatment. Since a relatively large quantity of blood had to 
be obtained for the various analyses, it was found necessary to 
replace the blood withdrawn from the dogs in adrenal insufficiency 
by an equal quantity of normal dog blood. Immediately follow- 
ing the transfusion, 25 cc. of cortical extract were given intrave- 
nously.2 At intervals over the next 40 hours additional 5 cc. 
quantities were injected subcutaneously, so that the animals re- 
ceived a total of between 50 and 60 cc. of extract. Neither food 
nor water was allowed and the final blood was obtained in each 
case 48 hours after the experiment had begun. At that time all 
the animals showed marked improvement and were quite active. 

Serum—tThe results of the analysis of the serum and cells from 


* Upjohn adrenal cortex extract. 
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these four dogs are recorded in Table III. It will be observed that 
associated with the striking clinical improvement of these animals 
there was little if any change of the serum water, serum total 
protein, and blood oxygen capacity. On the other hand there 
was an elevation of pH, in three of the four dogs and the serum 
sodium and chloride concentrations increased significantly in 
each experiment. The average gain of the serum sodium was 
7.0 milliequivalents per kilo of water, while that of chloride was 
4.7 milliequivalents. The serum bicarbonate was variable, 
increasing somewhat in two instances, falling in one, and remaining 
essentially unchanged in one. The average serum potassium 
level fell by 1.2 milliequivalents per kilo of water, a maximum 
decrease of 2.6 milliequivalents being observed in Dog U and no 
change in Dog V. 

Cell Changes—The average cell volume showed an insignificant 
decrease of 0.8 cc. per 100 cc., the greatest change being 3.1 cc. 
per 100 cc. in Dog T. The average cell water decreased by 4.4 
gm. per kilo, the value having decreased in three of the four dogs. 
In general, the changes of the cell bicarbonate, chloride, and 
sodium were in the same direction as those encountered in the 
serum. The average level of the cell sodium became increased by 
8.1 milliequivalents per kilo of water, while that of the chloride 
became increased by 2.2 milliequivalents. The cell potassium 
was variable, tending to fall in two instances, to increase in the 
third, and to remain essentially unchanged in the fourth. 

The results of the above experiments are of interest in the light 
of those obtained by other workers in similar studies. It has been 
shown by Harrop, Nicholson, and Strauss (22) and others that 
the serum electrolyte and water disturbances which are encoun- 
tered in adrenal insufficiency are promptly returned to normal 
following the reinjection of extract if the animals are allowed free 
access to food and water. However, in other experiments de- 
signed to limit the intake of either water or food (or both) some- 
what variable results have been obtained. Thus, Stahl, Atchley, 
and Loeb (23) observed the effect of administering a single large 
dose of cortical extract to a dog in adrenal insufficiency. The 
animal received neither food nor water during the experimental 
period after the injection. Despite a striking improvement in 
the general condition of the animal within 15 to 20 minutes, no 
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consistent changes in the serum sodium, potassium, or water con- 
tent were observed in 6 hours following the injection. Harrop 
(27) also observed the effect of cortical extract alone on the blood 
changes of the dog in adrenal insufficiency. In the course of 24 
hours during which food as well as fluid was withheld, but 50 ee. 
of extract in divided doses were injected subcutaneously, a prompt 
clinical improvement and a marked diuresis were observed. 
Among other changes, Harrop found that there was dilution of 
blood, a marked fall of the plasma potassium, and a gain of plasma 
sodium amounting to approximately 5 milliequivalents per liter. 
From measurements of the interstitial fluid volume by means of 
sodium thiocyanate it was concluded that the principal movement 
of this fluid is into the cells following the withdrawal of extract 
and from the cells to the interstitial spaces when the hormone is 
reinjected. In their studies Swingle, Parkins, Taylor, and Hays 
(28, 29) withheld food but allowed water during the experimental 
period following extract administration. Dogs in adrenal in- 
sufficiency with low levels of serum chloride and sodium (28) 
showed rapid recovery following extract administration. Follow- 
ing an experimental period of several days there was evidence of 
blood dilution; however, the levels of serum sodium and chloride 
remained unchanged, or tended to fall slightly. In later experi- 
ments (29) upon dogs in adrenal insufficiency with higher levels of 
serum sodium and chloride, a striking dilution of the blood and 
lowered levels of serum sodium, potassium, and chloride were 
observed 12 hours after extract administration. 24 hours later 
the blood had diluted and returned to approximately the normal 
condition, the serum potassium had also returned to normal, and 
the serum sodium and chloride levels had definitely increased. 
These authors concluded that the injections of cortical extracts 
mobilize the accumulations of the intracellular water and electro- 
lytes such as sodium, chloride, and probably potassium and 
shift them from intracellular to extracellular compartments and 
the blood stream, thereby bringing about dilution and relief of 
symptoms. 

A feature which stands out in the present experiments is that 
although there was marked improvement in the animals’ condi- 
tion there was no evidence of blood dilution. Equally interesting 
are the changes of the serum sodium and chloride. The concen- 
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tration of both increased in the face of a constant water content, 
making it appear as though sodium and chloride had merely been 
added. In seeking the source of the sodium and chloride it should 
be pointed out that the extract which was employed in these ex- 
periments contained 0.9 per cent NaCl. Consequently the ani- 
mals received approximately 8 to 9 milliequivalents of salt in this 
manner. Further, since the dogs in adrenal insufficiency received 
normal blood in an amount equal to that withdrawn for analysis, 
some sodium chloride was received from this source. However, 
attention should be called to the experiments to be described in 
Paper II (7) in which the electrolyte and water contents of the skel- 
etal muscles from these dogs and from dogs in adrenal insufficiency 
are compared. Evidence is presented that there is a greater con- 
traction of the extracellular phase of the skeletal muscle of adrenal- 
insufficient dogs receiving extract than of those untreated. Fur- 
ther, during the recovery period the excretion of urine amounted 
to from 200 to 500 cc. Unfortunately no analyses were made of 
the latter specimens. However, with the evidence presented one 
might infer that interstitial fluid had entered the blood, followed 
by the excretion of water (and some electrolytes), with the partial 
retention of sodium and chloride. It is of some interest that the 
average gain of serum sodium was balanced by the average gains 
of chloride, bicarbonate, and base bound by protein. 

The results of these experiments tend to minimize the impor- 
tance of a correction of the water and electrolyte equilibria of the 
blood as a factor in the part played by the cortical extract in 
restoring the animal to normal. That is, such a correction fol- 
lows secondarily to some other action or actions. 

Electrolyte and Water Changes Following Intraperitoneal In- 
jection—In order to induce electrolyte and water changes of the 
blood similar to those encountered in adrenal insufficiency three 
dogs were given an intraperitoneal injection of 5 per cent glucose 
and two dogs were given a similar injection of 5 per cent glucose 
containing 3.8 gm. of KCI per liter. Both solutions were injected 
in amounts of 100 cc. per kilo of body weight and the blood was 
withdrawn at from 4 to 4} hours after the injection. The results 
of the analysis of serum and of the cell volume and cell water are 
presented in Table IV. 

As has already been demonstrated by others, the direction of 
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changes (with the exception of serum potassium) following a single 
intraperitoneal injection of 5 per cent glucose is similar to that 
encountered in adrenal insufficiency. It is worthy of note in 
contrast, however, that the fall of serum chloride is essentially 
equal to that of sodium, and the bicarbonate content is not de- 
creased to the same extent. Moreover, with a fall of serum base 
the resulting changes of cell volume and cell water appear to be 
somewhat greater. 

Osmotic Adjustment between Serum and Cells—The present ex- 
periments afford an opportunity to examine the manner in which 
osmotic equilibrium is brought about between serum and cells of 
dogs following rather marked distortions of the chemical patterns. 
Although this subject will be treated more critically in a later 
publication in connection with other data, it seems desirable to 
point out several interesting changes at this time. 

The results of the analysis of the serum and cell base and of the 
cell water are presented in Table V. From the data obtained on 
the blood of dogs in adrenal insufficiency, it will be observed that 
while the cells generally gained water this gain was small in view 
of the extent of the serum sodium deficits. In this connection it 
will be noted that the fall of the serum sodium was accompanied 
by a decrease of the cell sodium concentration. Thus, by com- 
paring the values presented in Tables I and II, it will be observed 
that the mean concentrations of serum and cell sodium fell by 
16.0 and 16.3 milliequivalents per kilo of water, respectively. 
Since the serum potassium became elevated whereas the cell 
potassium concentration remained essentially unchanged, the 
average deficit of determined base in cells was greater than that 
in serum; i.e., the serum base fell 10.4 milliequivalents, whereas 
the cell base fell 16.1 milliequivalents per kilo of water. In order 
to approximate the actual change of the cell base content, a con- 
stancy of the cell solids was assumed and the experimental cell 
values were corrected to a solid content equal to that of the control 
cells. From the values for “B,; — B,” of Table V it will be seen 
that the cell base content was decreased in every instance, the 
maximum deficit being 26.8 milliequivalents per kilo of water in 
Dog T. 

Another factor to be considered is the anion exchange between 
the serum and cells which accompanies the fall of pH,. As 








358 Electrolyte and Water Equilibria. I 


indicated above, the concentration of base in the cells fell to a 
greater extent than it did in the serum. When the sums of the 
mean deficits of base, chloride, and bicarbonate of the two phases 
are compared (Tables I and I1), it will be found that the sum in 
serum had decreased by 30.8 milliequivalents per kilo of water, 
while that in the cells had decreased by 24.5 milliequivalents, 


TABLE V 
Changes of Water and Base in Serum and Erythrocytes 

The first nine experiments represent a comparison of control (subscript 
1) and blood of dogs in adrenal insufficiency (subscript 2). The last four 
represent comparisons of blood obtained before and following cortical 
extract administration. 

The results are expressed in milliequivalents per kilo of water, except 
for (H:0), and (H:0): for which the readings are in gm. per kilo. 














g <TeTe Bs | Na | Bi | Nee | Bs | Bs* [B*—By men one 


A158. 9163. 6 142. 8 152. 0 152.0 159.1)128. 5 134. 1146.4 —12.7 650.7 670.5 
D/\158 .1 160.5 143.5 147.4 146.0 156.6 136.3 144.8152.2 —4.4 651. 5 662.8 
N 153.5 157.5 140.5 149.3 143.1 153.1/132.0 142.0 142.5 —10.6 661. 0 661.8 
R/154.8 158.3 146.7 154.5 146.2155.6 140.41150.4 147.11 —8.5) 657.5, 652.5 
$ 155.8 159.2 138.5 149.6 150.4 158.6 128.8 138.9 143.9 —14.7 652.5) 660.5 
T 152.0 156 .2,132.2 141.7 144.4 152.4 118.0 126.4 125.6 —26.8 660.5, 659.0 
U/157.8 162.0 141.7 148.8)149.4 158.6 127.7 137.6 142.1 — 16.5 650.0 657.3 
V 154.2 158.1 135.9 142.8 149. 3156.9 125. 4 133.5 142.5 —14.4, 648.3, 663.0 
W 153. 01155. 6131. aa 114. apes. 3121. 0131, 8 139.1 —15.2 661.0 673.0 


T/132.2141.7 137.2'145.4/118,0126.4'121.7:132.2130.0 3.6, 659.0 655.3 
U 141.7 148.8 147.7 152. 2/127 .7|137 .6,133.8 143.9,144.3, 6.7 657.3, 658.0 
V 135.9 142.8 143.2, 150.1125.4 133.5 137.1 143.3137.4 3.9, 663.0, 653.5 
W 131.5 138. 1 140.9 146.5 121.0)131 .8 131.8141 0137.7 5.9) 673.0, 667.8 





? ‘Values corrected to a cell solid « content ‘equal to that of the control. 


This relatively greater loss of anions from serum can be accounted 
for by a retention of anions in the cells to combine with base set 
free by the cell proteins as a result of the fall in pH,. 

These experiments indicate that the chemical pattern of the 
blood cells of dogs may undergo wide changes in an attempt to 
come into equilibrium with the serum. Following the serum 
electrolyte and water deficits encountered in adrenal insufficiency, 
the establishment of equilibrium is apparently associated with a 
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loss of base (sodium) from the cells and with anion and water 
exchange. 

It will be appreciated that in this study the control and experi- 
mental bloods were obtained a number of days apart. Therefore, 
the following questions arise. Are the apparent losses of cell 
sodium to be interpreted as evidence supporting the view that the 
corpuscular membrane is permeable to this ion? Or have new 
cells of a different cation content entered the circulation in the 
interval between sample collections? The same questions were 
considered by Robinson and Hegnauer (30) who also observed a 
loss of sodium from the red blood cells of cats in adrenal insuffi- 
ciency. By using intraperitoneal injections, the latter authors 
found the cell changes to be similar to those encountered in 
adrenal insufficiency. Consequently it was concluded that, when 
the plasma electrolyte balance is sufficiently altered, the red blood 
cell membrane may become somewhat permeable to cations. 
Yannet, Darrow, and Cary (17) found that a passage of sodium 
across the red cell membrane occurred in dogs following the in- 
traperitoneal injection of a 5 per cent solution of glucose and 
following a similar injection of a 1.8 per cent solution of sodium 
chloride. 

The four experiments of the present study dealing with the 
effect of cortical extract alone on the water and electrolyte changes 
are of interest in this connection. It was pointed out previously 
that associated with the average gain of serum sodium of 7.0 
milliequivalents per kilo of water (Table III) the average cell 
sodium concentration increased by 8.1 milliequivalents. Further, 
the average gain of determined serum base was 5.8 milliequiv- 
alents, while that of the cells was 7.8 milliequivalents per kilo of 
water. From the values given under “B, — B,” in Table V, it 
will be observed that in each experiment there was evidence of an 
absolute gain of the cell base. This occurred in the face of a 
slight fall of the cell water. On the other hand, when the average 
gains of the sums of base, chloride, and bicarbonate of the two 
phases are compared (Table III), it will be seen that the sum in- 
creased in serum by 11.4 milliequivalents per kilo of water, while 
that in the cells increased by 10.9 milliequivalents. Therefore, 
in these experiments as in the case of the blood in adrenal in- 
sufficiency, the establishment of equilibrium between serum and 
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cells was apparently associated with a passage of sodium across 
the membrane and with anion and water exchange. 

Distribution of Chloride and Bicarbonate between Serum and 
Cells—Van Slyke, Wu, and McLean (5) considered the factors 
responsible for the unequal distribution of diffusible ions between 
serum and cells and showed that the distribution in oxygenated 
blood is related to the non-diffusible ions by the equation 


(H*], _ (Cl-l _ (HCO;] _ | _ (BPrle + [Hb]. — [BPrl. 














(1) 


Subsequent work from various laboratories has shown that, 
although the determined molal ratios [Cl]./[Cl], and [HCOs]./ 
{HCO,], are not equal, they vary with the pH,, as predicted by 




















TaBLe VI 
Determined and Calculated Distribution Ratios (Average Values) 
Observed 
pH, range pH, Calculated r* 
| rCl | rHCOs 
7.0 —7.20(5)t | 7.10 | 0.770 | 0.853t 0.843 
7.200 —7.40(22) | 7.31 | 0.703 | 0.807 | 0.781 
Above 7.40(17) | 7.45 | 0.674 | 0.771 0.721 





* Calculated by substituting average values in Equation 1. 

t The figures in the parentheses indicate the number of observations 
taken to establish the average. 

t Only four observations. 


the equation. Since the theory assumes an impermeability of 
the cell membrane to cations, it was of interest to observe the 
changes of rCl and rHCO; with pH, encountered in the present 
experiments, where some evidence of sodium transfer was obtained. 

In Fig. 1 the chloride and bicarbonate ratios plotted against 
pH, are given for normal dogs, dogs in adrenal insufficiency, and 
following cortical extract administration, and following the 
intraperitoneal injections of glucose or glucose containing potas- 
sium chloride. As stated previously, the lines have been con- 
structed from the data of Dill, Edwards, and Consolazio (19) 
and represent the changes for oxygenated human blood. It will 
be observed that while some scattering of points is evident, par- 
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ticularly in the rHCO; values, they tend to fall reasonably well 
along the lines. Somewhat greater variation in the rHCO, 
values might be anticipated, since the cell bicarbonate content 
was obtained only by indirect calculation. In order to determine 
in another way whether the changes are in a direction predicted 
by Equation 1, the values for rCl and rHCOQ; in a given pH, 
range were averaged and compared with the average calculated 
value. From the data presented in Table VI, it will be observed 
that the values for r calculated by Equation 1 fall in between the 
average determined values. Further, the changes of calculated 
r with pH, approximately parallel the lines constructed in Fig. 1. 
The average determined rCl and rHCO; values, with the exception 
of rHCO; at the average pH, of 7.10, agree rather closely with the 
corresponding values indicated by the lines. On the whole it 
appears that, regardless of the way in which the blood electrolyte 
changes were induced, the distribution of anions between serum 
and cells was influenced chiefly by the factors indicated by Equa- 
tion 1.3 


SUMMARY AND CONCLUSIONS 


The results of the analysis of the water and electrolyte content 
of serum and cells of twenty-four normal dogs, of eleven dogs in 
adrenal insufficiency, of four dogs in adrenal insufficiency following 
cortical extract administration, and of five dogs receiving intra- 
peritoneal injections of either glucose or glucose containing po- 
tassium chloride have been presented. The various findings have 
been discussed briefly and may be summarized as follows: 

1. Blood Changes in Adrenal Insufficiency—The results of the 
analysis of the serum of dogs in adrenal insufficiency revealed a 
fall of the water content and a gain of total protein. There were 
also a fall of pH,, decreases of chloride, bicarbonate, and sodium, 
and an increase of potassium. The red blood cells in adrenal 


* Since the completion of this paper, a relevant publication by Rapo- 
port and Guest (31) has appeared. It is shown that the distribution ratios, 
predicted by the formulae of Van Slyke, Wu, and McLean, for H*, CI, 
and HCO; (corrected for carbamate CO, in the cells) between the serum 
and cells of dogs, in normal condition and following pyloric obstruction, 
are brought nearer the observed values if the equivalencies of non-diffus- 
ible cell constituents of the original equation are taken as the sum of 
the equivalents of hemoglobin, diphosphoglycerate, and ‘‘other organic P.” 
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insufficiency usually gained water, the bicarbonate and sodium 
concentrations were reduced, and the chloride and potassium 
concentrations were only slightly changed. 

From the serum changes it was concluded that the acidosis en- 
countered was the result of a relatively greater loss of sodium over 
chloride, an extension of base bound by protein, and an increase 
of the undetermined acid value. 

2. Blood Changes Following Cortical Extract Administration— 
There was a marked clinical improvement of the four animals in 
adrenal insufficiency upon treatment with cortical extract alone. 
No evidence of blood dilution was obtained, since there was little 
if any change of the serum water, serum total protein, or blood 
oxygen capacity. Despite a relative constancy of the serum 
water, there were appreciable gains of the serum sodium and 
chloride concentrations, some increase of the average pH, and of 
the average bicarbonate content. The serum potassium tended 
to fall. There was some tendency for the cells to lose water and 
in general the variations of the cell bicarbonate, chloride, and 
sodium were in the same direction as those encountered in the 
serum. The changes of cell potassium were variable. Evidence 
was presented that the increases in the concentrations of serum 
sodium and chloride may be interpreted as resulting from an 
entrance of interstitial fluid into the circulation followed by an 
excretion of water (and some electrolytes) with the (partial) 
retention of sodium and chloride. 

It was concluded that these experiments tend to minimize the 
importance of a correction of the water and electrolyte equilibria 
of the blood as a factor in the part played by the cortical extract 
in restoring the animal to normal. Such a correction follows 
secondarily some other action or actions. 

8. Anion and Cation Equilibria between Serum and Cells—The 
chemical pattern of the red cells of dogs may undergo rather wide 
changes in coming into equilibrium with the serum. Evidence 
was presented that the establishment of osmotic equilibrium be- 
tween the serum and cells of dogs in adrenal insufficiency is asso- 
ciated with a loss of base (sodium) from the cells and with anion 
and water exchange. Following cortical extract administration, 
the equilibrium was associated with a gain of cell sodium ahd 
with anion and water exchange. 
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Despite the evidence of a change of the cell base content, the 
distribution ratios rCl and rHCO; varied with pH, reasonably 
well, in accord with the theory that the diffusible ions are in- 
fluenced by the non-diffusible ions according to the Gibbs-Don- 
nan law. 
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ELECTROLYTE AND WATER EQUILIBRIA IN THE DOG 
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MUSCLE AND BLOOD IN ADRENAL INSUFFICIENCY* 
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In recent years a number of workers have been interested in 
studying the water and electrolyte changes of the blood and tissues 
encountered in experimental adrenal insufficiency and in observing 
the effect of administering cortical extract upon such changes. 
Rather marked blood electrolyte disturbances are observed in 
adrenal insufficiency in dogs and the constant finding of a blood 
concentration indicates that a change of body water is a char- 
acteristic feature in such animals. Balance studies with adrenalec- 
tomized dogs (2) or with adrenalectomized dogs after injections 
of extract were stopped (3) showed that a moderate diuresis 
usually accompanies an increased excretion of sodium. Swingle, 
Pfiffner, Vars, and Parkins (4) concluded that while such loss of 
fluid by way of the urine plays a part it is not the sole factor in 
the dehydration of adrenal insufficiency. These authors sug- 
gested that there is a disturbance of the normal fluid exchange 
between the blood and the tissues. That is, there is an accumula- 
tion of fluid in the tissues and interstitial spaces. As a result of 
further study Swingle, Parkins, Taylor, and Hays (5, 6) have 
continued to stress the feature that in adrenal insufficiency there 
is an impairment of the mechanism regulating and controlling 
the internal fluid distribution of the body. It was concluded 
(5) that the disappearance of symptoms, when adequate amounts 
of cortical hormone are administered, is largely due to the effect 


* A preliminary report of a part of this work was presented before the 
American Society of Biological Chemists (1). 
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of the cortical hormone on the mobilization and shift of tissue 
fluids to the extracellular spaces and blood stream. The move- 
ment of the water from the cells in this case apparently occurs 
independently of the level of sodium in the serum. Darrow and 
Yannet (7) and Gilman (8) noted that the blood electrolyte and 
water changes and other phenomena observed in intact animals 
given injections of intraperitoneal glucose are similar in many 
respects to those encountered in adrenal insufficiency. Conse- 
quently it was suggested that the loss of sodium in insufficiency 
unaccompanied by a corresponding diminution of body water 
brings about a transfer of water from the extracellular spaces 
to the tissue cells to maintain osmotic equilibrium. Harrop (9) 
found that an actual shrinkage of interstitial fluid volume occurs 
during insufficiency and that this volume is restored by reinjection 
of hormone. In agreement with the views of Darrow and Yannet 
and Gilman, Harrop concluded that the movement of extracellular 
fluid into the tissue cells as a result of a loss of extracellular elec- 
trolyte is the most important factor leading to blood concentration. 

The recent studies of the electrolyte and water content of the 
skeletal muscle of cats (10, 11), rats (12), and dogs (11) in adrenal 
insufficiency have yielded results which support the view that the 
intracellular changes are associated with those observed in the 
extracellular fluids. An outstanding feature of the latter studies 
has been the finding of a gain of potassium in the muscle cells. 
In view of the evidence of increased toxicity of potassium in 
adrenalectomized animals and in patients with Addison’s disease 
(13) this observation commands considerable interest. 

The experiments included in this paper were carried out in 
conjunction with those reported in Paper I (14) and were under- 
taken for the following purposes: (1) to obtain further information 
regarding the extent of the electrolyte and water disturbances 
of the skeletal muscle of dogs in adrenal insufficiency and to ap- 
proximate, by the procedure outlined by Hastings and Eichel- 
berger (15), the changes of the volumes of the extra- and intra- 
cellular phases of muscle; (2) to compare the skeletal muscle 
changes observed in adrenal insufficiency with those encountered 
in dogs following intraperitoneal injections of glucose and glucose 
containing potassium chloride, and following a high potassium 
intake; and (3) to observe the effect of the administration of 
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cortical extract alone upon the muscle disturbances encountered 
in adrenal insufficiency. 


Methods 


The care of the animals employed in the present studies and 
the treatment of the blood specimens were briefly described in 
Paper I (14). Skeletal muscle (lumbar portion, sacrospinalis) 
was obtained under sodium pentobarbital anesthesia immedi- 
ately following the collection of the blood. It was quickly freed 
of adherent blood and immediately placed in a glass-stoppered 
bottle. In a specially constructed humidor, the muscle was 
trimmed to remove as much free fat and connective tissue as 
possible, finely minced with a pair of scissors, and placed in a 
weighed covered beaker. The sampling was carried out as rapidly 
as possible. 

Weighed aliquot samples were used to determine the water 
content by drying to constant weight at 105-110°. The neutral 
fat was determined in the same way as described by Hastings 
and Eichelberger (15) on the residue remaining in the weighing 
bottles after the evaporation of water. The residue remaining 
after the fat extraction was then subjected to a Kjeldahl nitrogen 
estimation. Weighed aliquot samples were also employed to 
determine the collagen nitrogen by the method of Spencer, 
Morgulis, and Wilder (16) (the nitrogen, however, was deter- 
mined by micro-Kjeldahl procedure) and the chloride by the 
method of Sunderman and Williams (17). The muscle sample 
remaining in the beaker was dried to constant weight at 105-110° 
and ashed in the same way as described by Cullen and Wilkins 
(18). Sodium was determined on an aqueous solution of the ash 
by the method of Butler and Tuthill (19) and potassium by the 
cobaltinitrite technique (20). All the determinations were 
carried out at least in duplicate. 

Unless stated otherwise, the volumes of extra- and intracellular 
phases of muscle were calculated in the manner outlined by 
Hastings and Eichelberger (15) which is based on the assumption 
that all the chloride is extracellular and is present at a concentra- 
tion equal to that of an ultrafiltrate of serum. In order to ap- 
proximate the changes of the muscle phases the calculations were 
made relative to the control series and a constant solid content 
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of the intracellular phase assumed. The symbols used in the 
present report are the same as those employed by Hastings and 
Eichelberger (15). 


EXPERIMENTAL 


Electrolyte and Water Content of Normal Dog Muscle—A sum- 
mary of the data obtained from the analysis of the skeletal muscle 
of twenty-four normal dogs is given in Table I. Since Hastings 
and Eichelberger (15) have reported similar data from the analysis 


Taste I 
Electrolyte and Water Content of Normal Dog Muscle* 
The values are expressed in terms of 1000 gm. of fat-free muscle. 
Px my ] l l 











Chloride, m.eq........ | 19.5 | 26 6 | 2.7 
EE rere a 37 22 3.2 
“ minus chloride, m.eg.......| 8.7 | 12 > | o- 
Potassium, m.eq................... 83.5 95 69 | «5.5 
Wines ek oi. Baie. od | 761.4 | 780 m9 «|| «728 
Extracellular phase, (F), gm....... | 159 | 218 119 | 22 
Intracellular water, (H1O)-, gm....| 604 | 639 | 49 0—Ctss«dS 
“ “ {HO}, gm.t..| 718 | 733 703 8 
Collagen nitrogen,fgm............. 488] 5&7 | 386 | 06 
Total nitrogen, gm.................| 34.59 37.7 | 32.2 | 1.61 





This table has been constructed on the basis of twenty-four observa- 


tions. 
* Lumbar portion, sacrospinalis. 
+t Per 1000 gm. of muscle cells. 
t Sixteen observations. 


of the rectus abdominis muscle of normal dogs, it is of interest 
to make a comparison of results. In general there is a fair agree- 
ment between the two series of observations. However, the 
mean values obtained in the present study for chloride, sodium, 
and water are somewhat lower, while that for potassium is slightly 
higher than the corresponding mean values reported by the above 
workers. The calculation of the extracellular phase (F) yielded 
a mean value of 159 gm., with a standard deviation (¢) of +22 gm., 
per kilo of muscle. Thus, as a result of the lower chloride content 
observed in the present series, the latter value is somewhat smaller 
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than the value (fF) = 173 gm., ¢ +22, found by Hastings and 
Eichelberger. In agreement with the latter authors the per cent 
of water in the intracellular phase is relatively constant. The 
value for {H,O}. of 718 gm., « +8, per kilo of muscle cells compares 
favorably with their value of {H,O}. of 717 gm., ¢ +5. 

At this point attention should be called to the recent studies by 
Manery, Danielson, and Hastings (21) which indicate that the 
extracellular phase of muscle may be more accurately described 
as consisting of extracellular fluid and connective tissue proteins. 
By assuming that the connective tissue of muscle corresponds to 
tendon and is diluted with serum ultrafiltrate in an amount deter- 
mined by the muscle chloride in excess of that accounted for by 
the connective tissue, the above authors obtained the following 
results by calculation. It was found that of a kilo of rabbit 
muscle the connective tissue phase amounts to 156 gm., con- 
taining 78.1 per cent water, compared with the extracellular phase 
of 131 gm., containing 99 per cent water, calculated from the ultra- 
filtrate chloride concentration. In other words, the magnitude 
of the phase and its per cent of water are altered when the calcu- 
lations are made on the basis of the above assumptions. 

In a number of the present experiments an attempt was made 
to approximate the connective tissue content of dog muscle by 
determining the collagen nitrogen. From Table I it will be 
observed that a mean collagen nitrogen content of 4.88 gm. per 
kilo of muscle was obtained from sixteen observations. The 
analysis of tendon from normal dogs (22) yielded average chloride 
and water contents of 78.7 milliequivalents and 668.3 gm. per 
kilo, respectively (corrected for neutral fat). From these data 
and by making the assumptions that the connective tissue of 
muscle corresponds to tendon and that the partition of collagen N 
to total N is the same for dog tendon as for beef tendon (23), it 
is possible to approximate the connective tissue content and the 
portions of water and chloride it accounts for. The chloride of 
muscle in excess of that accounted for by the connective tissue is 
used to calculate the ultrafiltrate volume. By making such cal- 
culations the following results were obtained. The mean connec- 
tive tissue phase (corresponding to the extracellular phase (F)) 
amounted to 187 gm., o +21, per kilo of muscle, containing 84.6 
per cent water. This increase in the magnitude of the extra- 
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cellular phase obviously causes a corresponding decrease of the 
magnitude of the intracellular phase. As a result the mean water 
content of the muscle cells amounted to 742 gm., ¢ +9, per kilo, 
compared with the mean value 718 gm., ¢ +8, given in Table I. 

It will be observed, as was pointed out by Manery, Danielson, 
and Hastings (21), that such calculations yield values for the 
extracellular phase and for the per cent of water in the intracellular 
phase which are somewhat greater than those obtained from 
the ultrafiltrate chloride concentration alone. In the present 
study the collagen nitrogen was also determined on a number of 
experimental muscle samples. For the sake of comparison, in 
these instances the changes of the muscle phases were calculated 
in the usual manner (15) and also by taking into account the ap- 
proximate amount of connective tissue. As will be pointed out 
later, the magnitudes of the phase changes differ somewhat; 
however, the directions are the same and lead to the same inter- 
pretations. 

Animals in Adrenal Insufficiency—The results of the analysis 
of the muscles from seven dogs in adrenal insufficiency are pre- 
sented in Table II. By comparing these values with those given 
in Table I, it will be seen that a loss of sodium and a gain of water 
are outstanding features. Associated with these changes there 
was a tendency for the chloride content to fall and the potassium 
to increase. In each experiment the loss of sodium was greater 
than that of chloride, resulting in a significant lowering of the 
value of sodium in excess of chloride. The gain of muscle water 
was the result of an increase of water in the intracellular phase. 
Thus, the average intracellular water, (H,O)., was increased to 
641 gm. per kilo of muscle. The magnitude of the extracellular 
phase, (F), tended to fall. 

In order to approximate the changes of the muscle phases the 
calculations were made relative to the control series and a constant 
solid content of the intracellular phase was assumed. Such cal- 
culations revealed that on the average an absolute increase of 
67 gm. per kilo of control muscle, AM, had occurred. This con- 
sisted of an average 80 gm. increase in the intracellular phase, 
AC, and an average 13 gm. decrease in the extracellular phase, 
AF. Thus, the absolute change in the bulk of a kilo of musele 
may be attributed chiefly to a gain of intracellular water. The 
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changes in the extracellular phase were somewhat less significant. 
In all the animals, except Dog A, there was a tendency toward 
a decrease in the extracellular phase. However, this decrease 
was of real significance in only two instances; i.e., Dogs D and 8. 


TaBie II 
Electrolyte and Water Content of Muscle from Dogs in Adrenal Insufficiency 


The values are expressed in terms of 1000 gm. of fat-free muscle. 





‘Dog A| Dog C | Dog D |Dog E) Dog N Dog R Dog | Average 


























ama iilindiad inte a | | 
Chloride, m.eq.... 16.0) 13.3 12.5 15.0) 16.5 16.2 | 16.1 15.1 
Sodium, m.eq.......| 17.3) 12.3; 18.1) 18.3, 17.1| 17.5) 17.2) 16.8 

“ minus chlo- 

ride, m.eq........| 1.3 -1.0, 5.6, 3.3; 0.6/ 1.3) 1.1] 1.7 
Potassium, m.eq....| 73.3) 86.3) 83.3) 95.2 | 91.9 95.7 | 87.6 
Water, gm.......... 788.3, 777.7| 773.5'781.5776.5 | 769.5 | 767.5 | 776.4 
Extracellular | cay | 

phase, (F), gm...|155 | 136 | 107 |142 {148 | 139 | 132 | 187 
Intracellular | | 

water, (H;0)., | | 

«Sa 635 | 643 | 668 641 (630 | 632 | 637 | 641 
Collagen nitrogen, 

RP | 7.26 5.78 4.97) 6.00 
eme...............197 | 21 |S 1@ 34 25 67 
See 112 | 8 | 98 | 96 | 69 50 49 sO 
OF.................| 15 |-14 |=47 |-5 |-2 |-16 |-24 |-13 
ee 153 65 31 83 
BR scessckteccs | | 131 73 54 86 
RRR peat | |22 |-8 |-23 | -3 














*The changes of the muscle phases relative to the control series have 
been calculated on the assumption of a constant solid content of the intra- 
cellular phase. In calculation of the changes marked A’ the same assumption 
was made; however, in addition account was taken of the connective tissue 
content. 


The collagen nitrogen was determined in three of these experi- 
ments, thus permitting an approximation of the changes ofthe 
muscle phases on the basis of the connective tissue contents. Such 
calculations lead to the same conclusion as was arrived at above; 
namely, that in the absolute increase in the bulk of the muscle the 
increase in the intracellular phase was the outstanding feature. 

In the present experiments the muscle samples were obtained 
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in most instances following a period of several days during which 
the animals refused food. In order to observe the electrolyte and 
water changes of the muscle in normal animals following priva- 
tion of food, three dogs were allowed water but no food for a period 
of 5 days (Table III). The results of the analysis of the muscles 
from two dogs (Dogs O and X) following a period of 20 days during 


Taste III 

Electrolyte and Water Content of Muscle from Dogs Following 5 Days Fasting 
and Following Ingestion of Potassium Acid Phosphate 

The values are expressed in terms of 1000 gm. of fat-free muscle. 











| Dog F DogG | DoglI Dog O Dog X 


Chloride, m.eg...........| 21.9 21.3 | 17.5 16.9 17.5 
Sodium, m.eq............ | 29.3 | 2.8 23.8 23.9 24.6 
“ minus chloride, | 

SO RO RS: 7.4 a 7.0 7.1 
Potassium, m.eq... . 80.8 88.1 | 92.7 81.6 84.3 
WL 5. ak. « sins ads | 773.0 765.0 762.5 759.3 756.0 
Extracellular phase, | 

° eee ae 190 169 «=| «142 139 145 
Intracellular water, | 

(Hz0)., gm............ | 585 | 597 622 622 613 
Collagen nitrogen, gm... 4.44 4.24 
SE: ee 52 | 16 3 —10 —23 
) ne ” ee | 12 3 20 12 —5 
pe ee eee 40 13 —17 —22 —18 
Stias Sok udiwct ds ows —22 —4l 
rea Ca acP bres ceteccees 5 | —15 
eae oe a ae | | -7 | -26 








Dogs F, G, and I were allowed water but no food for a period of 5 days. 
Dogs O and X were studied following a period of 20 days during which in- 
creasing amounts of KH,PQ, were included daily in the diet, beginning with 
0.5 gm. and reaching a maximum of 25 gm. of the salt daily. 

* See the comments below Table II. 


which increasing amounts of potassium acid phosphate were 
included daily in the diet are also included in Table III. It will 
be observed that no striking changes of the electrolye and water 
content from normal were encountered in these experiments. 
Attention might be called to the slightly higher levels of potassium 
in two of the three dogs following the period of fasting and the 
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tendency toward slightly lowered levels of sodium and chloride 
following the period of the potassium salt ingestion. On the whole 
the calculated changes of the muscle phases were not great. The 
greatest change occurred with Dog F for which there was an 
absolute gain of 52 gm. in the bulk of the muscle, due chiefly to an 
increase in the extracellular phase. Following the administration 
of the potassium salt there was some tendency to an absolute 
decrease in the bulk of the muscle, due apparently to a decrease 
in the extracellular phase. 

Animals Following Intraperitoneal Injection—In the interest 
of comparing the electrolye and water changes of the muscle ac- 
companying a rapid depletion of blood electrolytes with those 
encountered in adrenal insufficiency, several animals were sub- 
jected to intraperitoneal injection experiments. The results of 
the analysis of three dogs (Dogs K, M, and Q) following the 
intraperitoneal injection of 5 per cent glucose and two dogs (Dogs 
Y and Z) following a similar injection of 5 per cent glucose con- 
taining 3.8 gm. of KCl per liter of solution are presented in Table 
IV. In each instance 100 cc. of solution per kilo of body weight 
were injected and the samples were collected at from 4 to 44 hours 
following the injection. By comparing the data presented in 
Table IV with those given in Table II, it will be observed that 
the directions of the changes following the intraperitoneal injection 
of glucose are similar in many respects to those encountered in 
adrenal insufficiency. There was a fall of the sodium content 
which was somewhat greater than that of the chloride, tending, 
therefore, to decrease the value for the excess of sodium over 
chloride. The potassium content remained within the normal 
range of variation. The calculations of the changes of the 
muscle phases relative to the control indicated an absolute gain 
in the bulk of the muscle. This gain was apparently the re- 
sult of an increase in the intracellular phase and a relatively 
smaller decrease in the extracellular phase. It will be noticed 
that, while the direction of change is similar to that encountered 
in adrenal insufficiency, the decrease in the extracellular phase 
following the intraperitoneal injection of the glucose solution was 
more definite. The calculation of the changes of the muscle phases 
following the intraperitoneal injection of the solution containing 
glucose and potassium chloride indicated a decrease in the bulk 
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of the muscle. This was apparently the result of a decrease in 
the extracellular phase and a relatively smaller increase in the 
intracellular phase. 

It is of interest to compare the skeletal muscle changes in 
adrenal insufficiency observed in the present study with those 


TaBie IV 
Electrolyte and Water Content of Muscle from Dogs Following 
Intraperitoneal Injections ° 


The values are expressed in terms of 1000 gm. of fat-free muscle. 








Dog K | DogM DogQ Dog¥ | DogZ 








Chloride, m.eq. v 12.7 4.8 | 10.5 11.6 | 13.7 
Sodium, m.eg........... 15.7 | 20.7 13.1 17.4 | 20.5 
- minus chloride, 
Reh a ee 3.0 59 | 26| 58] 6:8 
Potassium, m.eg..........| 82.2 80.3 | 87.4 96.6 | 82.0 
Water, gm. cof 769.5 765.8 753.8 | 762.8 
Extracellular phase, | 
(F), gm. ido? BO 4 C1) a 8 
Intracellular water, | | | 
(H:0)., gm............| 650 | 631 666 | 656 | 647 
Collagen nitrogen, gm....| 4.84 4.33 4.46|/ 4.23) 4.02 
AM* ee at | 37 34 16 —34 4 
ae::.. AS? ; 70 49 73 30 | 46 
BP Meee itituae. nice bee —15 —57 —64 —42 
0 ae eee 41 24 7 —53 | 17 
Se ie eee oe 82 51 | 7 20 | 35 
(ela pheeeiaeey |—4 |-27 |-69 |-73 | —82 





Dogs K, M, and Q were given intraperitoneal injections of 5 per cent glu- 
cose and Dogs Y and Z received similar injections of 5 per cent glucose 
containing 3.8 gm. of KCl per liter of solution in amounts of 100 ce. per 
kilo of body weight. The samples were obtained at from 4 to 4} hours 
after the injection. 

* See the comments below Table II. 


reported by others. Hegnauer and Robinson (10) experimenting 
with cats noted an increase of the potassium content of the muscles 
in insufficiency. The total water content of the muscle was 
found to increase or to remain constant, and when an increase 
was encountered it was intracellular. In the muscles of adrenalec- 
tomized cats, Darrow, Harrison, and Taffel (11) found a significant 
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increase in water and potassium and but little change in chloride, 
sodium, phosphorus, and protein, the various values being ex- 
pressed in terms of 100 gm. of fat-free solids. It was observed 
further that both the intracellular and extracellular water in- 
creased by about 10 per cent; however, owing to the relatively 
greater volume of the intracellular water in skeletal muscle, the 
larger part of the increase in total water was intracellular. 
Despite this apparent dilution of the cell solutes, the concentration 
of potassium in the intracellular water was found to remain un- 
changed. The latter authors observed that the changes in the 
skeletal muscles of adrenalectomized dogs are essentially the 
same as those in adrenalectomized cats. That is, the increase of 
muscle water was found to be chiefly intracellular, and the con- 
centrations of potassium in the intracellular water remained 
constant. In the skeletal muscle of rats in adrenal insufficiency 
Harrison and Darrow (12) found the concentrations of water and 
chloride to be unaltered, the sodium to be reduced, and the po- 
tassium to be strikingly elevated. It was concluded that the 
water content of the muscle cell is inversely related to the con- 
centration of sodium in the extracellular water. The results of 
the later experiments by Darrow, Harrison, and Taffel (11) on 
cats and dogs in adrenal insufficiency were also taken to support 
the concept that a lowering of the osmolar concentration of the 
extracellular fluids accounts for the increase in the intracellular 
water in the muscles of such animals. That is, the transfer of 
water between the extra- and intracellular phases of skeletal muscle 
is the chief factor in the adjustment following a disturbance of 
osmolar concentrations. Harrop (9) found in adrenal insufficiency 
in the dog that there is a decrease of the total volume of extra- 
cellular fluid. Since in their experiments no decrease in the 
volume of the extracellular fluid of skeletal muscle (and liver) of 
animals in adrenal insufficiency was observed, Darrow, Harrison, 
and Taffel (11) pointed out that reservoirs of extracellular fluid 
other than those of muscle (and liver) must account for the de- 
crease in the volume of extracellular fluids. The latter authors 
suggested that subcutaneous tissues give up considerable amounts 
of water as well as sodium and chloride. 

In general, the results of the present experiments lend support 
to the concept that the changes of water in the skeletal muscles of 
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dogs in adrenal insufficiency are associated with the electrolyte 
and water changes of the extracellular fluids. In agreement with 
the observations of Darrow and his coworkers (11, 12), a fall 
of the concentration of sodium in the extracellular water is associ- 
ated with a gain of intracellular water (decrease of solids). In 
contrast with the findings of the latter workers, however, some 
tendency toward a decrease in the extracellular phase of the 
skeletal muscle in adrenal insufficiency was observed in'the present 
experiments. This was accompanied by a definite fall of the 
sodium concentration and a tendency toward a decrease of the 
chloride concentration. The changes of the potassium content 
of the muscles are presented in Table V. The values are ex- 
pressed in terms of 1000 gm. of intracellular water. It will be 
observed that relative to the control value the concentration of 
potassium in the intracellular water in adrenal insufficiency was 
lowered in three experiments and elevated somewhat in three 
experiments. When the values were corrected to a solid content 
equal to that of the control, a gain of intracellular potassium was 
indicated in five experiments and an insignificant fall in one. 
In this connection it is of interest to observe the changes of the 
intracellular potassium in those animals allowed water but no 
food for a period of 5 days. In these experiments a gain of intra- 
cellular potassium was encountered in every instance, reaching 
a maximum of 16 milliequivalents in Dog I. It will be observed 
that while one may conclude that a gain of intracellular potassium 
of the skeletal muscles of dogs in adrenal insufficiency is fre- 
quently encountered it is not as striking as indicated by the ob- 
servations of others (11). 

Following the intiaperitoneal injection of a solution containing 
glucose and potassium chloride, one animal (Dog Y) showed a 
gain of intracellular potassium, while the other (Dog Z) showed 
no change. Following the administration of potassium acid phos- 
phate there was no significant change in the intracellular 
potassium. 

Animals in Adrenal Insufficiency Treated with Cortical Extract— 
The blood changes accompanying the clinical improvement of 
four dogs in adrenal insufficiency following treatment with cortical 
extract alone were discussed in Paper I (14). It was found that 
following a period of 48 hours during which cortical extract had 
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been administered (no food nor water) the concentration of sodium 
and chloride in the serum had increased with no evidence of 
blood dilution. It is of interest, therefore, to compare the elec- 
trolyte and water contents of skeletal muscles from these four 


TABLE V 
Changes of Intracellular Potassium of Dog Muscle 


The values are expressed in terms of 1000 gm. of intracellular water. 


Cor- | 
Dog - Solids ~ | Change Comment 
sium* | 
| meq. | gm. | meg. m.eq. | 
Con- 137 393 
trol ' 
A 113 | 331 | 135 —2 Adrenal insufficiency 
D 128 338 149 12 sis ° 
E 128 | 339 | 149 12 v “ 
N 149 | 352 | 16 | 2 = ™ 
R 144 363 | 156 19 " _ 
8 148 363 160 23 " ae 
T 129 341 148 11 ¢ 7 treated 
U 139 359 152 15 - " as 
V 139 | 358 | 153 16 - o 3 
WwW 141 357 | 155 18 ¥ " > 
F 137 | 384 141 4 5 days fasting 
G 146 391 147 10 5. * 
I 148 380 153 16 & - 
K 126 | 352 141 4 Intraperitoneal glucose 
M 126 | 363 137 0 * ” 
Q@ | 132 | 352 | 147 10 «“ “ 
Y 147 375 154 17 | * “ + KCl 
Z 126 365 136 -1 | ” = § 
oO 130 | 385 | 133 4 | High potassium diet 
x 137 | 39% | 13% | -1 | * . “ 








* The potassium was corrected to an intracellular solid content equal to 
that of the control. 


animals with those reported above for dogs in adrenal insufficiency. 
The results of the analysis of the skeletal muscies are presented 
in Table VI. By comparing these data with those given in 
Table II, it will be observed that no marked changes accompanied: 
the improvement in the animals’ condition. Following the treat- 
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ment with cortical extract the average values for sodium and 
potassium were slightly higher while that of the chloride was 
slightly lower than the average levels in insufficiency. From 
Table V it will be seen that the concentration of potassium in the 
intracellular water was essentially equal to the control concentra- 
tion in three experiments and lowered somewhat in one. By 


TaBLe VI 


Electrolyte and Water Content of Muscle from Dogs in Adrenal Insufficiency 
Following Cortical Extract Administration 


The values are expressed in terms of 1000 gm. of fat-free muscle. 


Dog T DogU | DogV | DogW | Average 





Chloride, m.eg..... ..| 15.8 13.2 16.1 14.3 14.9 
Sodium, m.eg............ | 12.1 18.5 20.3 | 2.2 17.8 
™ minus chloride, 
rate oa goss haesse Se 5.3 4.2 | 5.9 2.9 
Potassium, m.eq..... | 83.8 91.2 90.0 | 91.8 | 89.2 
Water, gm. 4" ..| 780.5 763.5 769.3 | 767.5 | 770.2 
Extracellular phase, 
IS. cae vad bine 139 110 131 120 | 125 
Intracellular water, 
(H,O)., gm. ........ 643 654 640 | 648 | 647 
Collagen nitrogen, gm... 6.14 5.55 5.56 | 4.86 5.53 
Sere 86 6 33 | 24 | ff 
re 95 54 57 60 | 66 
ae | —9 —48 —24 — 36 —29 
A’M. oedta ticby sce ee 31 56 | @ | 63 
ey ae sscvcel ae 74 72 | 64 86 
A’F. ce Pe Vibe d dos 5 —43 | —16 | —37 —23 


In these four experiments the muscle samples were obtained 48 hours 
following the treatment of dogs in adrenal insufficiency with cortical ex- 
tract alone (no food nor water). For additional discussion see Paper I 
(14) dealing with the blood changes. 

* See the comments below Table II. 


correcting the intracellular potassium concentration to a solid 
content equal to that of the control, the gains of muscle cell po- 
tassium were found to be in the range observed in adrenal insuf- 
ficiency. Following the treatment with cortical extract there was 
a slight fall of the total muscle water which appeared to be due to 
a loss of extracellular water. The calculations of the changes 
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of the muscle phases relative to the control revealed that an 
absolute gain in the bulk of the muscle still persisted and was 
the result of an increase in the intracellular phase and a relatively 
smaller decrease in the extracellular phase. By comparing the 
calculated muscle phase changes given in Tables II and VI, it 
will be observed that the absolute gain in the bulk of the muscle 
was somewhat less following the treatment with cortical extract. 
Further, the increase in the intracellular phase was also less, while 
the decrease in the extracellular phase was somewhat greater. 
In the light of the accompanying blood changes reported pre- 
viously one may infer that, following treatment with cortical 
extract, extracellular fluid had entered the circulation, thus de- 
creasing the magnitude of the extracellular phase. As a result of 
an accompanying excretion of water (and electrolytes) by way 
of the urine the concentration of sodium and chloride in the serum 
became increased. The decrease in the intracellular phase was 
associated with osmotic adjustments. 

The above results lead to the same conclusion as was arrived 
at previously (14) from studying the electrolyte and water changes 
of the blood in these animals. That is, they tend to minimize the 
importance of the correction of the electrolyte and water dis- 
turbances as a factor in the part played by the cortical extract 
in restoring the animals to normal. Such correction is assumed 
to follow secondarily some other action or actions. 

Analysis of Heart Muscle (Left Ventricle)—The results of the 
analysis of heart muscle obtained from several of the animals 
of the present study are presented in Table VII. To serve as 
a basis for comparison the average results of the analysis of the 
left ventricle from five normal dogs are also given. The data 
were treated in the same manner as those obtained from skeletal 
muscle. Since only a relatively few observations were made, 
small changes from the control average are probably without 
significance. Obviously the calculations for the changes of the 
muscle phases can be regarded only as approximations. How- 
ever, they should give some indication of the direction of the 
changes. By comparing the various experimental values with the 
average control values, it will be observed that following the 
intraperitoneal injection of a solution of glucose containing potas- 
sium chloride (Dogs Y and Z) there was a tendency for the sodium, 
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chloride, and water contents to fall. The potassium content 
appeared to be increased slightly and the potassium concentration 
per kilo of intracellular water was increased by a small amount 
(probably an insignificant increase). The calculations of the 
changes of the muscle phases relative to the control indicated an 
absolute decrease in the bulk of the muscle, which was chiefly the 
result of a decrease in the extracellular phase. 

In the two animals in adrenal insufficiency (Dogs N and 8) 
the results were somewhat conflicting. Thus, the chloride was 
lower than the control value in one animal and slightly higher in 
the other, the sodium tended to be lowered in both, the total water 
was unchanged, and the potassium content was slightly higher. 
The potassium concentration per kilo of intracellular water was 
low in one animal and increased in the other. The calculation 
of the changes of the muscle phases revealed no uniform direction 
of change. The analysis of the heart muscles from the four dogs 
(Dogs T, U, V, and W) treated with cortical extract revealed a 
slight tendency toward lowered levels of sodium and chloride. 
The potassium content and the potassium concentration per kilo 
of intracellular water were slightly above the control average in 
three experiments and below the average in the fourth. The 
calculations of the changes of the muscle phases indicated an 
absolute decrease in the bulk of the muscle, which was due chiefly 
to a decrease in the extracellular phase. 

Attention should be called to the results obtained by Darrow, 
Harrison, and Taffel (11) on the analysis of heart muscle from 
animals in adrenal insufficiency. These authors pointed out 
that the changes in heart muscle are not so regular as those found 
in skeletal muscle. In the adrenalectomized cat it was found 
that heart muscle showed a significant increase in water and a 
questionably significant increase in potassium. In individual 
experiments the muscle potassium was definitely increased in 
some animals and lowered in others. It was concluded, there- 
fore, that the increase in cardiac potassium in relation to fat-free 
solids may develop, but it is not a regular finding in adrenal in- 
sufficiency. Their observations indicated that the increase in 
cardiac water was largely extracellular, there being no evidence 
of a dilution of the cells. The analyses of the heart muscle from 
dogs indicated that the changes are like those encountered in the 
heart muscle of adrenalectomized cats. 
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The number of observations made in the present study are too 
few to allow definite conclusions. It is of interest, however, 
that evidence of a tendency to a contraction of the extracellular 
phase of the heart muscle was encountered in the animals studied 
following treatment with cortical extract, since the same change 
was indicated in the skeletal muscles of these animals. 


SUMMARY AND CONCLUSIONS 


A study has been made of the electrolyte and water content of 
the skeletal muscle (lumbar portion, sacrospinalis) of twenty- 
four normal dogs, seven dogs in adrenal insufficiency, and four 
dogs in adrenal insufficiency following treatment with cortical 
extract alone. A similar study has also been made on the skele- 
tal muscle from dogs following the intraperitoneal injections of 
glucose and glucose containing potassium chloride, and following 
the ingestion of potassium acid phosphate. In addition the re- 
sults of the analysis of the electrolyte and water content of heart 
muscle of five normal dogs and eight experimental dogs are 
presented. The various findings have been discussed and may 
be briefly summarized as follows: 

1. Content of Normal Dog Muscle—The analysis of normal skele- 
tal muscle yielded the following results when expressed in terms 
of 1000 gm. of fat-free tissue, chloride 19.5 milliequivalents +2.7, 
sodium 28.2 milliequivalents +3.2, potassium 83.5 milliequiva- 
lents +5.5, and water 761.4 gm. +7.8. 

Calculations which were made on the basis that the chloride of 
muscle is extracellular and at a concentration equal to that of 
an ultrafiltrate of serum gave an extracellular phase (Ff) of 159 
gm. +22 per kilo of fat-free muscle and a water content of the 
intracellular phase of 718 gm. +8 per kilo of muscle cells. 

The collagen nitrogen content of normal skeletal muscle (six- 
teen observations) was found to be 4.88 gm. +0.6 per kilo. By 
characterizing the extracellular phase of muscle as consisting of 
extracellular fluid and connective tissue proteins and by making 
certain assumptions, it was found by calculation that the con- 
nective tissue phase of normal muscle amounts to 187 gm. +21 
per kilo, containing 84.6 per cent water. As a result of the differ- 
ence in the magnitude of the extracellular phase, the water con- 
tent of the intracellular phase was found to be increased to 742 
gm. +9 per kilo. 
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In a number of instances the changes of the muscle phases of 
the experimental muscles relative to the controls were calculated 
not only on the basis of the ultrafiltrate chloride concentration 
alone but also by taking into account the approximate connective 
tissue contents. Such calculations revealed differences in the 
magnitude of the changes; however, the directions of the changes 
were the same and led to the same conclusions. 

2. Skeletal Muscle Changes in Adrenal Insufficiency—The out- 
standing changes of the skeletal muscles of dogs in adrenal insuffi- 
ciency were a loss of sodium and a gain of water. Associated 
with these changes there was a tendency for the chloride content 
to fall and the potassium to increase. Evidence that a gain of 
muscle cell potassium is usually encountered in adrenal insuffi- 
ciency was presented. However, when this gain was compared 
with that observed in animals deprived of food for several days, 
it was not so striking. 

The calculations of the changes of the muscle phases relative 
to the control indicated that in adrenal insufficiency there is an 
absolute gain in the bulk of the muscle which is due to an increase 
in the intracellular phase. There was some tendency in the ma- 
jority of the experiments toward a decrease in the extracellular 
phase; however, such decrease was of real significance in only 
two experiments. 

It was concluded that in general the results of the present 
experiments support the concept that the changes of water in 
the skeletal muscles of dogs in adrenal insufficiency are associated 
with the electrolyte and water changes of the extracellular fluids. 

8. Skeletal Muscle Changes Following Treatment with Cortical 
Extract Alone—No marked electrolyte and water changes of the 
skeletal muscles from those encountered in adrenal insufficiency 
accompanied the decided improvement in the animals’ condition 
following treatment with cortical extract alone. The average 
values for sodium and potassium were slightly higher, while that 
of chloride was slightly lower than the average levels found in 
adrenal insufficiency. The gain of muscle cell potassium was in 
the range observed in adrenal insufficiency. A slight fall in total 
muscle water was indicated. The calculations of the changes 
of the muscle phases relative to the control revealed that an ab- 
solute gain in the bulk of the muscle still persisted and this was 
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the result of an increase in the intracellular phase and a smaller 
decrease in the extracellular phase. Evidence pointed to a greater 
contraction in the extracellular phase following treatment with 
the extract than in adrenal insufficiency. 

The results of these experiments led to the same conclusion 
arrived at previously in the study dealing with the blood changes 
in these animals; namely, they tend to minimize the importance 
of the correction of the electrolyte and water disturbances as a 
factor in the part played by the cortical extract in restoring the 
animal to normal. Such a correction apparently follows second- 
ary to some other action or actions. 

4. Changes in Heart Muscle—No definite conclusions could be 
drawn regarding the electrolyte and water changes of heart 
muscle in adrenal insufficiency, since only two animals were stud- 
ied and the results were conflicting. Evidence was presented 
that following treatment with cortical extract there was a tend- 
ency toward an absolute decrease in the bulk of the muscle which 
was apparently due to a decrease in the extracellular phase. 
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ELECTROLYTE AND WATER EQUILIBRIA IN THE DOG 


III. ELECTROLYTE AND WATER EXCHANGE BETWEEN 
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(From the Departments of Biochemistry and Surgery, School of Medicine, 
Western Reserve University, Cleveland) 
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The electrolyte and water content of the skeletal muscles of 
normal animals and the changes encountered following various 
experimental procedures have received considerable attention 
in recent years. In such studies it has been customary to divide 
the muscle into extracellular and intracellular phases. In order 
to estimate the magnitude of the extracellular phase it has been 
assumed that there is little or no chloride in the muscle cells and 
that the chloride of muscle is present at a concentration equal to 
that of an ultrafiltrate of serum (1). Such calculations of the 
extracellular phase of the skeletal muscles of normal dogs have 
yielded values which vary from approximately 130 to 190 gm. 
per kilo of muscle (1, 2), containing 99 per cent water. As a 
result of the recent studies by Manery (3) and Manery, Daniel- 
son, and Hastings (4) it appears that, rather than corresponding 
to an ultrafiltrate of serum, the extracellular phase is more ac- 
curately described as consisting of extracellular fiuid and the 
connective tissue proteins. By taking into account the approxi- 
mate amount of connective tissue in skeletal muscle, Manery, 
Danielson, and Hastings (4) found that the extracellular phase 
of rabbit muscle contains close to 22 per cent solids rather than 1 
per cent. The latter authors pointed out that by making such 
considerations the magnitude of the extracellular phase is in- 
creased and the per cent of water in the muscle cells is also in- 
creased. In Paper II we (2) attempted to approximate the 
connective tissue content of the skeletal muscles of normal dogs 
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and to estimate the changes in the magnitude of the phase by 
applying the same considerations. The extracellular phase when 
calculated on the basis of the ultrafiltrate chloride concentra- 
tion alone amounted to 159 gm., with a standard deviation 
(«) of 22 gm. per kilo of muscle, and the water content of the 
intracellular phase amounted to 718 gm., ¢ +8, per kilo of muscle 
cells. By taking the approximate connective tissue content into 
account, we found the magnitude of the phase to be increased 
to 187 gm., o +21, per kilo, containing close to 15 per cent solids, 
and the water content of the intracellular phase was found to be 
increased to 742 gm., ¢ +9, per kilo of muscle cells. 

It is evident that it is desirable to determine any alterations 
of the connective tissue content when a comparison of experi- 
mental with control muscles is made. In Paper II (2) the changes 
of the experimental muscle phases relative to the control were 
calculated in a number of instances by taking into account the 
alterations of the connective tissue content. When the muscle 
phase changes calculated in this way were compared with those 
approximated in the usual manner, it was found that the magni- 
tude of the changes differed somewhat; however, the directions 
of the changes were the same and led to the same interpretations. 
In such calculations it was assumed, as by Manery, Danielson, 
and Hastings (4), that the connective tissue of muscle corresponds 
to tendon. The amount of connective tissue was approximated 
from determinations of the collagen nitrogen content and the 
amount of chloride and water it accounts for was based upon the 
analysis of tendon reported below. 

The experiments included in the present report were under- 
taken for the following purposes: (1) to determine the electrolyte 
and water content of the tendon from normal dogs, and (2) to 
observe the changes in tendon accompanying alterations of the 
electrolyte and water content of the serum. 


Methods 


The present experiments were carried out in conjunction with 
the blood and skeletal muscle studies reported in Papers I and II 
(5, 2) and, with the exceptions of Dogs 1, 2, and 3, the tendon 
(achilles and quadriceps) was obtained from the same animals. 
The sampling of the tendon and the methods of chemical analysis 
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were essentially the same as those described briefly for skeletal 
muscle (2). 


Results 


The results of the analysis of the serum and tendon from fifteen 
dogs for sodium, potassium, chloride, and water are presented in 
Table I. The results of the first five animals were employed to 
compute the average values for normal tendon. Dogs O and X 
were included in this group, since the serum values were within 
normal limits. The remaining ten dogs represent animals with 
rather marked electrolyte and water changes of the serum. 

From the data presented in Table I it will be observed that, 
when the values are expressed per kilo of water, the concentra- 
tions of the electrolytes in tendon tend to approximate those of 
serum. By comparing the average values of the serum and 
tendon from the first five dogs, it will be seen that the serum 
sodium is 14.5 milliequivalents higher, while the serum chloride 
and potassium concentrations are 1.3 and 5.6 milliequivalents, 
respectively, lower than the tendon values. Manery, Danielson, 
and Hastings (4), who compared serum and tendon from normal 
rabbits, have already emphasized the similarity of the electrolyte 
concentrations. Their observations led to the conclusion that 
the serum influences the chloride and sodium distributions be- 
tween tendon and serum in the same manner as between an ultra- 
filtrate and serum. In addition their results indicated that the 
tendon proteins do not have the same influence on the ionic 
distributions as the more soluble serum proteins. Thus, when the 
concentrations of chloride and sodium of tendon were compared, 
the following average ratios were obtained; namely, (Cl),/(Cl); = 
0.88 and (Na),/(Na), = 0.83, which are in reasonable agreement 
with those obtained between serum and transudates (6). Manery, 
Danielson, and Hastings (4) found, however, that when the tendon 
values were calculated from the serum concentrations and the 
Gibbs-Donnan ratio, r = 0.95, the tendon chloride exceeded the 
calculated value in all but one experiment, while the concentra- 
tions of tendon sodium were consistently lower than the calculated 
values. In a more recent study Manery and Hastings (7) ex- 
amined the electrolyte and water content of various tissues of 
rats and rabbits and were led to the conclusion that living mam- 
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malian tissues cannot be divided into intra- and extracellular 
phases in the same manner as muscle. Their observations indi- 
cated that for the purposes of an approximate description of 
tissues at least three chemically distinct phases are necessary: 
(1) an extracellular phase, (Z),, which is in ionic equilibrium 
with blood plasma and consists essentially of plasma ultrafiltrate 
and connective tissue proteins; (2) an intracellular phase, (C),, 
which contains neither sodium nor chloride and is exemplified by 
muscle fibers; and (3) an intracellular phase, (C):, which contains 
chloride and may or may not have sodium in equivalent propor- 
tions. In regard to tendon it was concluded (4, 7) that it con- 
sists almost entirely of the extracellular phase, (Z),. However, 
in view of the relative differences of the concentrations of chloride 
and sodium indicated above, it was concluded that there is present 
in addition a small intracellular phase, (C)2, which is relatively 
high in chloride and low in sodium. Evidence for the latter is 
also found in the observation that the potassium concentration 
of tendon is at least twice that of serum and the excess of potas- 
sium might be associated with this phase. Amberson, Nash, 
Mulder, and Binns (8) also concluded that some of the chloride 
of tendon must be intracellular, since the calculated chloride 
space was found to exceed the determined amount of water. 
From Table I it will be observed that the average concentra- 
tion ratios for sodium and chloride between serum and tendon 
in normal dogs, namely, (Na),/(Na), = 0.91 and (Cl),/(Cl); = 
0.99, agree rather well with those which have been reported for 
serum and transudates (6). Since the chloride ratios are above 
and the sodium ratios are below the Gibbs-Donnan ratio of 0.95, 
it is evident that the observed tendon concentrations in each case 
would be somewhat less than the corresponding concentrations 
calculated from the serum values and the ratio 0.95. It will be 
noted that the concentration of potassium in dog tendon is 
more than twice that of serum; i.e., (K),/(K), = 2.6. The ex- 
planation for this relative excess of potassium in tendon is not 
entirely clear; however, it might be attributed to the presence of 
cells relatively devoid of sodium and chloride. When the gm. of 
water per kilo of tissue is calculated from the average values for 
the tendon chloride and the ultrafiltrate chloride concentration, 
a value of 642 gm. is obtained (78.7 X 0.95 K 1000/116.5 = 642). 
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Thus, in contrast with the observation of Amberson et al. (8), 
who studied the tendon from cats, the calculated water content 
is somewhat less than the determined values. 

From the results of the present experiments it appears unnec- 
essary to assume the presence of an intracellular phase in dog 
tendon which contains relatively more chloride than sodium. 
Since the concentrations of sodium and chloride in dog tendon 
are at the levels one would anticipate for a simple ultrafiltrate of 
serum, it appears that the tendon may be described as consisting 
chiefly of connective tissue proteins diluted with serum ultra- 
filtrate. 

By comparing the average values for the twogroups of animals 
presented in Table I, it will be seen that in general the changes in 
serum were associated with parallel changes in the tendon. Thus, 
it will be observed that with an average fall of the serum water 
of 29.6 gm. per kilo there was an average decrease of the tendon 
water of 19.7 gm. per kilo. The tendon water calculated from 
the average values for tendon chloride and the ultrafiltrate chlo- 
ride concentration amounts to 638 gm. per kilo (74.4 x 0.95 X 
1000/110.8 = 638), compared with the calculated value of 642 gm. 
for normal tendon. This apparent decrease of the tendon water 
is of some interest, since in the skeletal muscles of these animals 
(2) a tendency toward a decrease in the magnitude of the extra- 
cellular phase was noted. (Some tendency toward a decrease in 
the magnitude of the extracellular phase of the skeletal muscles 
of Dogs O and X was also indicated (2).) With a fall of the so- 
dium and chloride concentrations of the serum there appeared to 
be a relatively greater loss of sodium than chloride from tendon. 
Thus, the average ratio (Na),/(Na), was found to be 0.88, while 
that for chloride, (Cl),/(Cl):, was found to be 0.97. Whereas the 
finding was not entirely regular, there was an evident tendency 
for the concentration of potassium in tendon to be increased 
when the serum potassium concentration was raised. 

It will be observed that on the whole the various distribution 
ratios obtained in these animals do not differ greatly from those 
observed with the normal animals. Therefore, within limits, it 
appears that the changes of the electrolyte concentrations of dog 
tendon accompanying changes in the serum are such as to es- 
tablish ionic (Donnan) equilibrium. 
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SUMMARY AND CONCLUSIONS 


The tendons from five dogs with normal serum electrolyte pat- 
terns and from ten dogs with rather marked serum electrolyte 
and water changes have been analyzed for sodium, potassium, 
chloride, and water. The results have been discussed briefly 
and may be summarized as follows: 

1. The tendon from normal dogs yielded the following average 
results when expressed in terms of a kilo of fat-free tissue: sodium 
93.4 milliequivalents, potassium 6.1 milliequivalents, chloride 
78.7 milliequivalents, and water 668.3 gm. 

2. The average concentration ratios for sodium and chloride 
between serum and tendon in normal dogs were found to be 
(Na)./(Na), = 0.91 and (Cl),/(Cl),; = 0.99. Since the concen- 
trations of sodium and chloride of tendon were essentially equal 
to those of an ultrafiltrate of serum, it was concluded that there 
is little evidence for the presence of an intracellular phase in dog 
tendon which is relatively high in chloride and low in sodium. 
The average potassium concentration ratio of (K),/(K), = 2.6 
was taken to indicate the presence of a small intracellular phase 
which contains potassium but which is relatively devoid of sodium 
and chloride. It was concluded that dog tendon may be described 
as consisting chiefly of connective tissue proteins diluted with 
serum ultrafiltrate. 

3. Within limits, it appeared that the changes of the electrolyte 
concentrations of dog tendon accompanying changes in the serum 
are such as to establish ionic (Donnan) equilibrium. 
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THE INFLUENCE OF STRUCTURE ON THE 
ELIMINATION MAXIMUM 


I. THE STRUCTURE OF VITAMIN A,* 


By E. LeB. GRAY anp JOHN D. CAWLEY 
(From the Laboratories of Distillation Products, Inc., Rochester, New York) 


(Received for publication, March 11, 1940) 


Previous work has indicated that at very low pressures, 10 u or 
less, the addition of one CH, group to a compound causes a rise 
of 5° in the elimination maximum (1). In other words, the 
elimination maximum of each member of a homologous series is 
believed to be 5° higher than the one preceding it. The precession 
of elimination maxima is of some value in vitamin research and 
we may consider it now in connection with vitamin A. Gillam 
et al. (2) have postulated that vitamin A, is a higher homologue 
of vitamin A, containing 2 more carbon atoms and one more 
double bond. One of us (3) has compared the elimination maxima 
of the two vitamins, and has found that the maximum of vitamin 
A; is only 3° higher than that of A, suggesting that the two do not 
differ by as much as 2 carbon atoms. However, since the elimina- 
tion maximum of vitamin A¢ is 3° higher than that of A, it is of 
interest to determine whether the difference can be accounted for 
by the additional conjugated double bond postulated by Gillam 
etal. We have, therefore, extended our investigations to include 
the effect of various types of unsaturation on the elimination 
maximum. 

The determinations were carried out with fatty acids for the 
following reasons, (1) they have elimination maxima in the same 
region as vitamins A and A,; (2) they are easily estimated by 
titration in a neutral oil such as synthetic constant yield oil (4); 
(3) sufficient members of the series are available or can be pre- 
pared to make the desired comparisons. Lauric, myristic, pal- 


* Communication No. 17 from the Laboratories of Distillation Products, 
Ine. 
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mitic, stearic, oleic, linoleic, 9,11-linoleic, and a-eleostearic acids 
were included in the series. 

A note on the effect of impurities on the elimination maxima 
of the acids should be included at this point. The contaminating 
acid may be either higher or lower in the series than the acid under 
investigation. It was found that there is a linear relationship 
between the amount of impurity and the shift in elimination 
maximum. An example may be cited. Stearic acid has a maxi- 
mum at 118°, while that of palmitic acid is 108°. A mixture of 
90 per cent stearic acid and 10 per cent palmitic acid is found to 
have a maximum at 117°. Since the limit of error is +1°, this 
10 per cent impurity would scarcely cause a significant alteration 
in the maximum. Obviously if the maxima of the two substances 
in the mixture were less than 10° apart, the alteration in the 
maximum would be less than 1°, still on the assumption of the 
9:1 ratio. 

EXPERIMENTAL 


Materials 


Stearic acid, m.p. 69°, palmitic acid, m.p. 61-61.5°, and lauric 
acid, m.p. 43-43.5°, were obtained from the Eastman Kodak 
Company. Myristic acid as received from both the Eastman 
Kodak Company and the Pfanstiehl Chemical Company gave 
maxima 3° or 4° below theory. However, the Pfanstiehl sample 
recrystallized twice from ethanol-water, m.p. 52-53°, gave the 
expected maximum. Oleic acid, m.p. 13°, iodine No. 89.0, and 
linoleic acid, m.p. —7°, iodine No. 183.0, were prepared from the 
acids of olive oil and California walnut oil, respectively, by the 
methods of Brown and coworkers (5, 6). a-Eleostearic acid, m.p. 
45-46°, was prepared from tung oil. 9,11-Linoleic acid, m.p. 
53°, iodine No. 129.8, E}%, (230 mu) equal to 992 in absolute 
ethanol, was prepared by distilling crude ricinelaidic acid in the 
presence of anhydrous Al,O; at 30 mm. (7). According to van der 
Hulst (8), £}2.,, is equal to 1200 for the pure acid. 


’ Method 


3 gm. of the acid were dissolved in 50 ml. of constant yield oil 
and 150 ml. of corn oil residue,' and distilled analytically (9) in a 


t Commercial corn oil from which the volatile constituents have been 
removed, leaving only the higher triglycerides. 
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500 ml. cyclic molecular still, with a 10 minute cycle and 10° 
temperature intervals. For analysis, each fraction was dissolved 
in 20 ml. of neutralized ethanol and titrated against phenolphtha- 
lein with 0.1 N aqueous NaOH. In order to avoid crystallization 
of the higher melting acids, with attendant chance of loss and 
error, cooling of the condenser was dispensed with. Repeated 
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Fie. 1. Elimination maxima of saturated fatty acids. Curve A, lauric 
acid; Curve B, myristic acid; Curve C, palmitic acid; Curve D, stearic acid. 
The temperature indicated on each curve is the elimination maximum of 
that curve. , 

Fic. 2. Elimination maxima of various unsaturated acids as com- 
pared to stearic acid. Curve A, linoleic acid; Curve B, oleic acid; Curve C, 
stearic acid; Curve D, 9,11-linoleic acid; Curve E, a-eleostearic acid. The 
temperature indicated on each curve is the elimination maximum of that 
curve. 


distillations of linoleic acid both with and without this cooling 
showed that no error was introduced, the total deviation being 1°. 
DISCUSSION 


The elimination curves and maxima are given in Figs. 1 and 2. 
Fig. 1 shows a comparison between the straight chain saturated 
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acids Cy, Cus, Cys, and Cis. As may be seen, there is a 10° tem- 
perature rise between successive acids, corresponding to 5° 
for each CH; group. In Fig. 2 is shown the effect of unsaturation 
upon the maximum. A group of unsaturated C,s acids is com- 
pared with stearic acid. Unsaturation without conjugation lowers 
the maximum 2°; e.g., oleic acid is 2° below stearic acid, and lino- 
leic acid is 2° below oleic. However, when the double bonds are 
in conjugation, the maximum is raised. Thus a-eleostearic acid 
has a maximum 9° higher, and 9,11-linoleic acid 6° higher, than 
stearic acid. Since eleostearic acid has three conjugated double 
bonds, and since its maximum is approximately 3° higher than 
9,11-linoleic acid with two conjugated double bonds, the addi- 
tional conjugated double bond has raised the maximum 3°. 
Preliminary work on sterols indicates that an additional con- 
jugated double bond in a ring raises the elimination maximum in 
the same manner as does one in a chain. This agrees with the 
findings for vitamins A and A». As vitamin A, has one more 
conjugated double bond than vitamin A, and its maximum is 3° 
higher, it probably has the same number of carbon atoms as 
vitamin A. 


SUMMARY 


1. A comparison of the elimination curves of lauric, myristic, 
palmitic, and stearic acids has confirmed the postulate that one 
CH, group raises the elimination maximum 5°. 

2. A comparison of the elimination curves of oleic, linoleic, and 
stearic acids shows that each non-conjugated double bond lowers 
the maximum 2°. However, when the double bonds are con- 
jugated, each additional double bond raises the maximum 3°, 
as shown by a comparison of the curves of stearic, 9, 11-linoleic, 
and a-eleostearic acids. 

3. Our observations are in accord with the view that vitamin 
Az contains the same number of carbon atoms as vitamin A but 
differs in that it has one additional conjugated double bond. 
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The present report is a continuation of studies carried out in 
this laboratory on the chemistry of the lipids of two pathogenic 
yeast-like fungi, Blastomyces dermatiditis and Monilia albicans. 
The previous reports (1) dealt with the lipids extracted by alcohol, 
ether, and chloroform at room temperature. These lipids, making 
up about 10 per cent of the cells of Blastomyces dermatiditis and 
5 per cent of Monilia albicans, were found to be mixtures of leci- 
thin, cephalin, glycerides, free fatty acids, and sterols. The 
present report is concerned with the lipids yet remaining in the 
cells of these organisms after the above extractions. 

From both organisms the remaining lipids were extracted in 
three fractions: Fraction I, by boiling neutral alcohol; Fraction 
II, by boiling solvents containing hydrolytic reagents; and Frac- 
tion III, by ether, after the cell residues were dissolved in hydro- 
chloric acid. Fractions II and III represent firmly bound lipids. 
These three fractions together formed 5.7 per cent of the cells 
of Blastomyces dermatiditis and 8.6 per cent of Monilia albicans. 

The corresponding fractions isolated in the present study from 
both fungi were closely similar in composition. Fraction I in 
both cases was a mixture which could be separated into three 
parts by means of differences in solubility. These were Fraction 
I-a, a white amorphous powder having a nitrogen to phosphorus 
ratio of about 2:1, evidently a phosphatide; Fraction I-b, a buff- 
colored amorphous powder containing about 7 per cent of nitrogen 
and considerable polysaccharide but only traces of phosphorus; 
and Fraction I-c, a brown oil yielding sterols, glycerol, and 
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palmitic, stearic, oleic, and linoleic acids on saponification. Frac- 
tion II from both fungi was a brown oil similar to Fraction I-e 
and yielding the same substances on saponification. Traces of 
carbohydrates were also observed in the saponification mixtures 
from Fraction II. It is possible that polysaccharides originally 
formed a part of the bound lipids but were split off as a result of 
the hydrolytic extraction procedures. Incompleteness of such 
splitting would account for the traces of polysaccharides found 
among the saponification products of the lipids. Fraction III 
from both organisms was a pale yellow oil consisting of fatty acids 
and sterols. This fraction represents only the ether-soluble part 
of the remaining bound lipid material. The isolation of the 
bound lipids of these organisms in a relatively unchanged state 
remains a problem for future study. 

It should be mentioned that the fungus-bound lipids which 
were isolated as an oil differed distinctly from the bound lipids 
of the acid-fast group of bacteria studied by Anderson and co- 
workers (2). The latter substances were white powders yielding 
hydroxy acids of high molecular weight and specific polysac- 
charides on saponification. In appearance at least, the bound 
lipids of the fungi resembled those of Phytomonas tumefaciens 
reported by Geiger and Anderson (3). 


EXPERIMENTAL 


The cells of Blastomyces dermatiditis and Monilia albicans used 
in the following experiments had been thoroughly extracted at 
room temperature with alcohol-ether mixtures and chloroform 
and dried in vacuo over sulfuric acid. The cells were then ground 
in a ball mill. 

In all operations dealing with unsaturated lipids, carbon dioxide 
or nitrogen atmospheres were maintained where possible. Ether 
and alcohol were distilled over potassium hydroxide. 

Extraction of Lipids—A 36.32 gm. sample of Blastomyces der- 
matiditis cells dried to constant weight over phosphorus pentoxide 
was placed in a 1 liter bolthead flask equipped with a reflux con- 
denser attached by a ground joint. The sample was then re- 
fluxed successively four times with alcohol. The extracts were 
filtered off while still warm. The cells were washed once with 
warm alcohol, then quantitatively transferred back into the ex- 
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traction flask with the aid of the succeeding lot of solvent, and 
refluxing was begun again. The four extracts were combined 
and treated as described below, yielding Fraction I. A subse- 
quent extraction was made with boiling ether. 

The cells were then successively extracted in the same manner 
with alcohol containing 1 per cent of hydrochloric acid, alcohol- 
ether (1:1) containing 1 per cent of hydrochloric acid, and alcohol 
containing 2 per cent of potassium hydroxide. These three ex- 
tracts were saved and treated as described below, yielding 
Fraction II. 

After the above extractions, the cells were dried and 0.5 to 1.0 
gm. samples were dissolved in hydrochloric acid and extracted 
with ether, according to the method described by Turpeinen 
(4). The ether extracts were washed with water, dried, and 
evaporated, yielding Fraction ITI. 

Isolation of Lipids—In the combined alcohol extracts of the 
cells, a precipitate had formed on cooling to room temperature. 
After standing 2 days in the refrigerator, this precipitate was 
centrifuged off, washed with alcohol, and dried. In this manner 
there was obtained 0.106 gm. of a white powder, Fraction I-a, 
which formed 0.29 per cent of the cells. The supernatant solu- 
tion and washings from the isolation of Fraction I-a were con- 
centrated to dryness under reduced pressure, and extracted with 
ether. An insoluble residue remained, part of which was soluble 
in warm absolute alcohol. On addition of 2 volumes of acetone 
to the alcohol extract, a buff-colored precipitate, Fraction I-b, 
was obtained. This was reprecipitated in the same way and when 
dried weighed 0.035 gm., 0.10 per cent of the cells. The ether 
extract mentioned above was washed with water, dried, and 
evaporated, leaving a dark brown oil weighing 0.8450 gm., 2.33 
per cent of the cells. This was designated Fraction I-c. 

The ether extract of the cells was evaporated, leaving 0.030 
gm. of a brown oil. This was combined with Fraction I-c. 

The acid alcohol extracts were neutralized and concentrated 
to small volume under reduced pressure. Water was added and 
the lipids were extracted with ether. The ether extract was 
washed with water, dried over sodium sulfate, and evaporated, 
leaving 0.2130 gm. of a brown oil, 0.59 per cent of the cells. This 
was called Fraction II-a. The acid alcohol-ether extracts treated 
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in the same manner yielded 0.0768 gm. of brown oil, 0.21 per cent 
of the cells. This was called Fraction II-b. The alkaline alcohol 
extract was concentrated to small volume under reduced pressure, 
Water was added and unsaponifiable lipid material was extracted 
with ether. After removal of unsaponified lipids, the water solu- 
tion was acidified with hydrochloric acid, and fatty acids were 
extracted with ether. The two ether extracts were washed and 
dried in the usual manner and yielded on evaporation 0.0103 gm. 
of fatty acids and 0.0241 gm. of non-saponified material. This 
material, Fraction II-c, formed 0.09 per cent of the cells. 

The ether extracts of the cell residues dissolved in hydrochloric 
acid were washed with water, dried over sodium sulfate, evapo- 
rated, and weighed. The residue in each case was a pale yellow 











TaBLe [| 
Fractions of Lipids Isolated from Blastomyces dermatiditis and Monilia 
albicans 
Fraction No. | Blastomyces der matiditis Monilia albicans 
TAURI CRS Ee ae | sro oo | pro 
I | 1.016 2.80 0.9983 3.42 
II 0.3242 0.89 0.3562 1.22 
III 0.7264* | 2.00 1.168* 4.00 
fea 2.0066 | 5.69 2.5225 8.64 





oil, Fraction III. Three determinations were made on the cell 
residues of each sample and the results were averaged. 

Table I summarizes the data on yields of the three fractions. 

A 29.19 gm. sample of Monilia albicans cells was treated as 
described for the sample of Blastomyces dermatiditis cells. The 
yields of the three fractions are given in Table I. 

The weights and percentages of the subfractions from Monilia 
albicans were as follows: Fraction I-a, 0.277 gm., 0.95 per cent; 
Fraction I-b, 0.057 gm., 0.20 per cent; Fraction I-c, 0.6643 gm., 
2.28 per cent; Fraction Il-a, 0.2230 gm., 0.76 per cent; Fraction 
II-b, 0.0954 gm., 0.33 per cent; and Fraction II-c, 0.0378 gm., 
0.13 per cent. 

Duplicate samples of both Blastomyces dermatiditis and Monilia 
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albicans cells were extracted as described above. The results 
agreed very closely with those in Table I. The amounts of the 
various subfractions obtained also agreed well with the percentage’. 
reported here. 

Examination of Fractions—Fraction I-a from both organisms 
was a white powder, soluble in hot alcohol. After reprecipitation 
from this solvent, the substance was in each case analyzed for 
nitrogen and phosphorus. 


Microanalysis— 

Fraction I-a from 
Blastomyces dermatiditis. Found. N 3.00, P 2.55, N:P 2.6 
Monilia albicans. © °(.2"- ta 7 oe 


When stirred up in water, the substance from Blastomyces 
dermatiditis gave a positive Molisch test for carbohydrate. How- 
ever, the powder was practically insoluble in water and in acid 
or alkaline aqueous solutions. The substance was somewhat 
soluble in pyridine, going very slowly into solution. From pyri- 
dine solution it could be completely precipitated by the addition 
of 1 volume of cold acetone. In chloroform-methy] alcohol 
mixture (1:1), in hot acetone, and in warm ether the substance 
was slightly soluble. When stirred up in carbon tetrachloride 
and treated with bromine, the substance absorbed a small amount 
of bromine, indicating the presence of unsaturation. Saponifica- 
tion with alcoholic potassium hydroxide yielded fatty acids and 
water-soluble material. During the saponification, an insoluble 
substance appeared on the walls of the flask. This was found 
to be a carbohydrate. The water-soluble part consisted of carbo- 
hydrates and nitrogenous substances which have not been identi- 
fied. Fraction I-a from Monilia albicans showed essentially the 
same properties as Fraction I-a from Blastomyces dermatiditis. 

Fraction I-a from both fungi thus appeared to be a phosphatide 
possessing properties somewhat similar to those of sphingomyelin. 
Insufficient material was available for further study. Traces of 
this material were observed in the acid alcohol extracts of both 
fungi. 

Fraction I-b from Blastomyces dermatiditis was a buff-colored 
powder, partially soluble in water. It gave a positive Molisch 
reaction for carbohydrate. When stirred up in carbon tetra- 
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chloride and treated with bromine, it absorbed no bromine, in- 
dicating that it was a saturated compound. Saponification 
showed the presence of fatty acids, a polysaccharide, and nitrog- 
enous compounds. The corresponding fraction from Monilia 
albicans possessed like properties. 


Microanalysis— 

Fraction I-b from 
Blastomyces dermatiditis. Found. N 7.5, P traces 
Monilia albicans. si eal) > wanda 


Fraction I-c from both organisms was a brown oil containing 
only traces of phosphorus and nitrogen. It was saponified in 


TaBLe II 


Fatty Acids and Unsaponifiable Material in Lipid Fractions of Blastomyces 
dermatiditis and Monilia albicans 


Fatty acids Unsaponifiable 
isolated AF 


| 
| Fraction No. | Sample tree «ye ~~ 
| gm. gm. per cent gm. per cent 
Blastomyces | I-e 0.8442 0.3080 36.5 | 0.4940 | 58.5 
dermatiditis | Hea 0.2100 | 0.0643 | 30.6 | 0.1380 | 65.7 
| II-e 0.0103 | 29.9* | 0.0241  70.1* 
Mixed bound | 0.6000 | 0.2396 39.9 | 0.3284 | 54.7 

lipids 

Monilia albicans) I-c 1.688 | 1.015 | 60.1 | 0.3920 | 23.2 
iIi-a 0.2200 0.1157 | 52.6 | 0.0968 44.0 
0.0296 | 78.3* 


II-c | 0.0082 | 21.7* 


* Calculated on the basis of total ether extract. 


both cases by refluxing for 7 hours with 4 per cent alcoholic potas- 
sium hydroxide. After removal of most of the alcohol and dilution 
with water, the unsaponifiable material was extracted with ether. 
The ether extract was washed with water and dried over sodium 
sulfate. The ether was removed and the unsaponifiable material 
weighed. The aqueous solution containing the soaps of the fatty 
acids was acidified with hydrochloric acid and extracted with 
ether. The ether extract was washed with water, dried over 
sodium sulfate, and evaporated to dryness. The residue of fatty 
acids was weighed. The results are summarized in Table II. 
Fractions II and III represent bound lipids, since some hy- 
drolysis was necessary before they could be removed. Fractions 
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II-a and II-b from both fungi were brown oils similar in appearance 
to Fraction I-c. They were saponified in the same manner, and 
the results appear in Table II. Since the extraction of Fraction 
II-e actually saponified this fraction, the data on the amounts of 
fatty acids and unsaponifiable material obtained are also included 
in Table II. A sample of mixed bound lipids obtained from 
Blastomyces dermatiditis in another experiment was saponified 
as described above. The data are given in Table II. 

The data in Table II show an unusually large percentage of 
unsaponifiable material in the bound lipid fractions of both 
Blastomyces dermatiditis and Monilia albicans. In almost every 
ease, there is considerably more unsaponifiable material than in 
the lipids extracted with neutral solvents. The percentage of 
fatty acids is correspondingly lower in the bound lipids than in 
the easily extracted lipids. These results are not due to incom- 
plete saponification of the bound lipid fraction, for resaponification 
of the combined unsaponifiable fractions gave no further yields 
of fatty acids. 

Fatty Acids—All of the crude fatty acid fractions isolated were 
brown semicrystalline masses. The acids from Fraction I of 
Blastomyces dermatiditis and the acids from the mixed bound 
lipids of this organism were titrated in neutral alcohol with 0.1 N 
potassium hydroxide, giving neutral equivalents of 271 and 273, 
respectively. The corresponding fractions from Monilia albicans 
gave neutral equivalents of 274 and 276. In view of the similarity 
in neutral equivalents, the acids of all three fractions of each or- 
ganism were worked up together. Separation of the mixed acids 
of Blastomyces dermatiditis into saturated and unsaturated frac- 
tions by the Twitchell (5) method gave approximately 45 per cent 
of saturated acids and 55 per cent of unsaturated acids. Similar 
treatment of the mixed acids from Monilia albicans lipids gave 
approximately 40 per cent of saturated acids and 60 per cent of 
unsaturated acids. The saturated acids of both organisms ap- 
peared to be mixtures of palmitic and stearic acids. All of the 
unsaturated acid fractions from the two organisms had iodine 
numbers between 90 and 100, as determined by the Rosenmund- 
Kuhnhenn method (6). On bromination of these unsaturated 
fractions in cold light petroleum ether, very small amounts of 
insoluble material, evidently tetrabromostearic acid, were ob- 
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tained. This insoluble bromide from the unsaturated fractions 
of both fungi melted at 111-113°, but insufficient material was 
available for recrystallization or analysis. The main product 
of bromination in both cases was a pale brown oil, probably 
dibromostearic acid. The data indicate that oleic and linoleic 
acids make up the unsaturated fractions of the fatty acids from 
the alcohol-soluble lipids and the bound lipids of both fungi. 

Unsaponifiable Material—The unsaponifiable fractions of all 
the lipid extracts described in this report were brown oils from 
which white crystals separated on standing. All of these fractions 
gave qualitative tests indicating the presence of sterols. Colori- 
metric sterol determinations were made by the Bloor (7) method. 
With ergosterol as standard, 20.4 per cent of sterols in the mixed 
unsaponifiable material from Fractions I and II of Monilia al- 
bicans was found, and 8.4 per cent in the unsaponifiable material 
from Fractions I and II of Blastomyces dermatiditis. Calculated 
on the basis of total lipids isolated, this corresponded respectively 
to 0.24 per cent and 0.40 per cent of the cells of the two fungi. 

In a separate experiment, 63 gm. of Monilia albicans cells, 
previously extracted with alcohol and ether, were extracted over- 
night at room temperature with 300 cc. of 2 per cent potassium 
hydroxide in 25 per cent alcohol. The suspension was centrifuged 
and the supernatant solution saved. The moist cells were sus- 
pended in 500 cc. of 95 per cent alcohol containing 4 per cent 
potassium hydroxide, and kept at 40° for 7 hours. The cells 
were then filtered off and washed with alcohol. Filtrate and 
washings were combined with the supernatant solution from the 
25 per cent alcohol extract which had been treated with 2 volumes 
of alcohol and centrifuged to remove polysaccharides. The 
combined solutions were concentrated under reduced pressure to 
small volume, diluted with water, and extracted with ether. The 
ether extract was dried over sodium sulfate and evaporated, yield- 
ing 0.294 gm. of unsaponifiable material. When this was dis- 
solved in 25 cc. of hot 80 per cent alcohol and treated with an 
excess of digitonin, there was obtained 0.442 gm. of digitonide, 
corresponding to about 0.110 gm. of sterol (0.18 per cent of the 
cells). After the unsaponifiable material was removed, the 
saponification mixture was acidified. The fatty acids which 
were isolated in the usual manner weighed 4.995 gm. (7.93 per 
cent of cells). 
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In a similar experiment 36.3 gm. of Blastomyces dermatiditis 
cells, previously extracted with alcohol and ether, were extracted 
with 500 cc. of 4 per cent potassium hydroxide in 95 per cent 
aleohol for 7 hours at 40°. The suspension was filtered while 
warm, and the cells washed with alcohol. The extract and wash- 
ings were concentrated and the lipids isolated as described above. 
There were obtained 73 mg. of unsaponifiable material which 
yielded 38 mg. of digitonide corresponding to about 9 mg. of 
sterol (0.03 per cent of cells). The fatty acids isolated weighed 
34 mg. (0.09 per cent of cells). Subsequent treatment with 300 cc. 
of alkaline 25 per cent alcohol and reextraction with 500 cc. of 
4 per cent potassium hydroxide in 95 per cent alcohol removed 
only 25 mg. more of lipid material. 

Water-Soluble Material—The presence of glycerol in the water- 
soluble portions of all of the lipid fractions was indicated by the 
acrolein test. In the case of the combined water-soluble portions 
of the Blastomyces dermatiditis-bound lipids, neutralization, evapo- 
ration to dryness, and extraction with absolute alcohol yielded a 
small amount of thick brown syrup. Benzoylation of this syrup 
by the method of Einhorn and Hollandt (8) yielded glycerol 
tribenzoate, melting at 75-76°. When mixed with authentic 
glycerol tribenzoate, there was no depression of the melting point. 
The presence of glycerol in the bound lipids of Blastomyces der- 
matiditis is thus established. A positive Molisch test was given 
by all the water-soluble portions, indicating the presence of at 
least traces of carbohydrates. 


This work was supported in part by a grant from the Duke 
University Research Council. 


SUMMARY 


1. The two pathogenic fungi, Blastomyces dermatiditis and 
Monilia albicans, after thorough extraction at room temperature 
with alcohol, ether, and chloroform, still contained respectively 
5.7 and 8.6 per cent of lipid material. This was partly removed 
by boiling alcohol. The remaining lipid material, the bound 
lipids, was removed by hydrolytic extraction procedures. 

2. The hot alcohol extracts of both fungi contained (1) a phos- 
phatide with an N:P ratio of about 2:1, (2) a nitrogenous lipid 
containing about 7 per cent of nitrogen, and yielding fatty acids 
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and polysaccharides on saponification, and (3) an oil yielding 
fatty acids, sterols, and glycerol on saponification. 

3. The bound lipids of both organisms were brown oils which 
appeared to contain palmitic, stearic, oleic, and linoleic acids, 
glycerol, and sterols. 
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New York City) 


(Received for publication, March 29, 1940) 


In a recent communication Schiltz and Carter (1) have pointed 
out the difficulties encountered in the synthesis of hydroxyamino 
acids including serine, and have offered a new synthesis for the 
latter based on the formation of methyl a-bromo-$-methoxypro- 
pionate. The latter compound was formed by the addition of 
methyl alcohol and mercuric acetate to methyl acrylate. It 
occurred to us that this intermediate or a similar one could be 
prepared for this purpose by the reaction of sodium methylate or 
ethylate with the methyl or ethyl ester of a,8-dibromopropionic 
acid and thus the use of mercury salts could be circumvented. 
The work of Michael (2) with ethyl dibromopropionate led us to 
believe that this method of approach to the synthesis of serine 
might be feasible. The dibromo esters can of course be readily 
prepared by the bromination of methyl or ethyl acrylate, both of 
which are now commercially available. 

In his studies on ethyl a,8-dibromopropionate Michael found 
that an ethoxy bromopropionate was produced by the action of 1 
mole of sodium ethylate upon the dibromo ester. There was some 
question, however, as to the position of the ethoxy group. Later 
the same ethoxy compound was obtained by the addition of so- 
dium ethylate to ethyl a-bromoacrylate, indicating that the com- 
pound derived from the ethyl a,§-dibromopropionate must have 
been the $-ethoxy compound. An excess of the sodium ethylate 
was shown by Michael to lead to the formation of a halogen-free 
compound, while Leighton (3) found that heating the dibromo 
ester with an excess of sodium ethylate resulted in the formation 
of a mixture of products which were apparently the esters of 
B-ethoxyacrylic and a ,8-diethoxypropionic acids. 
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In studying the action of sodium ethylate with ethyl a,f-di- 
bromopropionate we therefore avoided an excess of sodium ethyl- 
ate and carried out the reaction at a low temperature. By using 
equimolecular quantities of the two substances at 0° we obtained 
a yield of 80 to 85 per cent of the a-bromo-§-ethoxypropionate, 
A convenient and inexpensive synthesis of serine was thus assured. 

The ethyl a-bromo-$-ethoxypropionate was saponified and con- 
verted to serine by the general procedure employed by Carter and 
West (4) for a-bromo-8-methoxypropionic acid. The ethoxy 
compound was utilized in the present synthesis, since it was found 
that when sodium methylate was allowed to react with the di- 
bromo ester much poorer yields of the methoxy derivative were 
obtained owing to the side reactions which occurred. 


EXPERIMENTAL 


Ethyl acrylate was placed in a round bottomed flask immersed 
in an ice bath. The theoretical quantity of bromine was added 
dropwise with stirring. 15 minutes after the addition was com- 
pleted the product was distilled under reduced pressure. Prac- 
tically a quantitative yield of ethyl a,8-dibromopropionate was 
obtained. The boiling point of the pure compound was 98.5~99.5° 
at 16 mm. of Hg. Experiments in which amounts up to 4 moles 
of ethyl acrylate were used yielded similar results. 

260 gm. of the ethyl a,8-dibromopropionate were placed in a 
1 liter, 3-necked flask equipped with drying tube, dropping funnel, 
and mechanical stirrer. 24 gm. of clean sodium metal were dis- 
solved in 400 ce. of 100 per cent ethanol with rigid exclusion of all 
moisture. This solution was slowly added to the ester, the mix- 
ture being vigorously stirred and kept at ice bath temperature. 
Precipitation of the sodium bromide was immediate. At the end 
of the addition the ice bath was removed and the suspension was 
stirred until it attained room temperature. Carbon dioxide was 
bubbled through the solution to neutralize remaining alkali. An 
equal quantity of ether was added and the solution was filtered. 
The salt cake on the funnel was washed with 95 per cent ethanol. 
The ethanol was removed at a pressure of 10 to 12 mm. of Hg and 
at a water bath temperature of 50°. The residue was taken up 


1 We wish to express our appreciation to Dr. Herbert Carter for making 
available to us this information before its publication. 
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in 100 ce. of water and 200 cc. of ether and acidified with dilute 
HCl. The ether layer was separated and the water was reex- 
tracted with two 50 cc. portions of ether. The ether extracts were 
combined and were washed with 50 cc. of saturated CaCl, solution, 
then with a little water, and finally were dried with sodium sulfate. 
The ether was removed and the residue was then distilled under 
reduced pressure. A fraction which boiled at 84-88° at 10 to 12 
mm. of Hg was collected. This weighed 188 gm. and repre- 
sented a yield of 84 per cent of the theoretical amount of ethyl 
a-bromo-f-ethoxypropionate. The pure product was distilled at 
103-104.5° at 13 mm. The product was somewhat unstable. 
When it was allowed to stand at room temperature before distilla- 
tion or was distilled in larger amounts, a considerable amount of 
an acrylate was obtained in a low boiling fraction. 

188 gm. of the ester were placed in a 1 liter flask with 200 ce. 
of water and a drop of phenolphthalein solution. 170 ce. of 5. N 
NaOH were added slowly with shaking under the tap. At the 
end of the addition the solution was shaken for } hour and then a 
slight excess of an equivalent quantity of H,SO, was added. The 
solution was extracted with 400 cc. of ether followed by three 200 
ec. portions. The ether extracts were washed with saturated so- 
dium sulfate solution and then were dried over sodium sulfate. 
The ether was distilled and the last traces of ether were removed 
from the residue in vacuo. The oil which remained was added to 
2 liters of ammonium hydroxide and the mixture was heated in a 
steel bomb for 7 hours at 100°. 

At the end of the amination the solution was filtered and was 
distilled in vacuo to a syrup. 500 cc. of water were added and the 
solution was again evaporated to a syrup. The residue was taken 
up in 800 cc. of 48 per cent HBr and was heated for 3 hours under a 
reflux. The solution was concentrated to about 500 cc. After 
the solution was cooled, it was filtered. The filtrate was distilled 
to dryness at reduced pressure. 500 cc. of water were added and 
the solution was again distilled to dryness. The residue was taken 
up in 100 cc. of water and concentrated NH,OH was added with 
shaking until the faint odor of ammonia persisted. A liter of 
absolute ethanol was added slowly and the sides of the flask were 
scratched. The mixture after being allowed to stand overnight 
was filtered. The solid was dissolved in 300 cc. of boiling water 
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and was then treated with norit. After the solution had been 
filtered and allowed to cool, 41 gm. of colorless crystals were ob- 
tained. These were washed with a little cold water and with 
absolute ethanol. A second crop of crystals was obtained by con- 
centration of the mother liquors and addition of ethanol. After 
this crop had been recrystallized from dilute ethanol, it weighed 
9 gm. The over-all yield of serine was therefore 47 per cent of 
the theoretical amount. 


C3H;,O,;N. Calculated, N 13.33; found, N 13.3 


The dl-serine decomposed at 244°. This decomposition point 
agreed closely with that given by Fischer and Leuchs (5) and like- 
wise agreed with that given by a preparation of serine which we 
made by the method of Schiltz and Carter. The phenylurea de- 
rivative of the dl-serine obtained by the present synthesis possessed 
a melting point of 166—-167°. Fischer and Leuchs reported a melt- 
ing point of 169°. The same derivative prepared from the ma- 
terial synthesized by the Schiltz and Carter method likewise had 
the same melting point and a mixture of the two compounds 
showed no lowering. It should be noted that the phenylurea 
derivative of dl-isoserine has a melting point of 183-184° (Neuberg 
and Mayer (6)). 


SUMMARY 


An economical method of preparing serine from simple ma- 
terials has been presented. Bromine was added to ethyl acrylate 
and the ethyl a,§-dibromopropionate was converted to ethyl 
a-bromo-§-ethoxypropionate by the action of sodium ethylate. 
This product was then converted to serine by saponification, ami- 
nation, and hydrolysis. An over-all yield of 47 per cent of the 
theoretical amount was obtained. 
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STUDIES ON THE MECHANISM OF HYDROGEN 
TRANSPORT IN ANIMAL TISSUES 


I. TRIOSE PHOSPHATE OXIDATION IN THE PRESENCE OF 
MALONATE* 


By V. R. POTTERt 
(From the Biochemical Institute, University of Stockholm, Sweden) 


(Received for publication, January 4, 1940) 


According to the Szent-Gyérgyi theory! (2-6) the oxidation 
of intermediary metabolites in animal tissues takes place through 
the alternate reduction and oxidation of certain 4-carbon dicar- 
boxylic acids which function catalytically as hydrogen carriers 
and transport the hydrogen of metabolites to the cytochrome sys- 
tem. The metabolite specifically mentioned is triose phosphate 
((2) p. 28) and the 4-carbon acids are oxalacetic, malic, fumaric, 
and succinic. According to the theory, the oxidation of triose 
phosphate should be represented by the following equations, which 
may or may not represent direct reactions. 


(1) Triose phosphate + CoI — phosphoglycerate + CoH,I 
(2) CoH,I + oxalacetate — CoI + malate 
(3) Malate + Col — oxalacetate + CoHI 
(4) CoH,I + fumarate — Col + succinate 


(5)? Succinate + oxidized cytochrome ¢ — fumarate + reduced 
cytochrome c 

(6) Reduced cytochrome c + }0,— oxidized cytochrome c + H,O 

Reaction1 +2+3+4+5+6=14+4+5+6= 


(7) Triose phosphate + 40; — phosphoglycerate + H,O 
and, Reaction 4+5+6= 


(8) CoH,I + 40; — Col + H,O 





* A preliminary report mentioning this work appeared in Nature (1). 

t National Research Council Fellow in the Natural Sciences. Now at 
the McArdle Memorial Laboratory, the University of Wisconsin, Madison. 

1 The many papers bearing on this theory are summed up in Szent-Gyér- 
gyi’s book (2) and review (3). 

*H + Fe*** may be written H* + e + Fe***. 
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One of the strongest arguments in favor of the theory is the fact 
that small amounts of any of the 4-C acids, when added to a 
respiring muscle brei, increase consumption of oxygen far beyond 
the amount required for the complete combustion of the added 
compound (7-10). The equations above show how this observa- 
tion is explained by the theory, since according to these reactions 
the 4-C acids are not used up during the oxidation of triose phos- 
phate. The data have been given an alternate explanation, how- 
ever, by the work of Krebs and Johnson (11) who showed that the 
catalytic function of the 4-C acids could be explained on the basis 
that all are precursors of oxalacetic acid which condenses with a 
carbohydrate breakdown product, believed to be pyruvic acid, 
with the ultimate production of citric acid. The latter compound 
was shown to pass through various intermediate stages with the 
eventual formation of oxalacetic acid, enabling the “citric acid 
cycle” to be repeated. This theory obviously also explains the 
catalytic effect of small amounts of the 4-C acids. Furthermore 
it also explains how fumarate can nullify the inhibition by malonic 
acid ((2) p. 21, (8, 10)) an observation that has never been satis- 
factorily explained by the Szent-Gyérgyi theory. 

The effect of malonic acid as an inhibitor has in fact constituted 
one of the major pieces of evidence in favor of the Szent-Gyérgyi 
theory. Malonic acid is the 3-carbon homologue of succinic acid 
and although it has a high affinity for succinic dehydrogenase it 
cannot be dehydrogenated and thus is very effective in blocking 
the oxidation of succinate to fumarate (12). Since malonate was 
quite effective in blocking the total respiration of muscle brei 
(7-10), it was suggested that the oxidation of succinate was a vital 
link in the transport of hydrogen from tissue metabolites to 
oxygen. The author decided to test the theory by determining 
whether or not triose phosphate could be oxidized in a recon- 
structed enzyme system in which the succinate-fumarate system 
was eliminated by the use of malonate. If it could be shown that 
malonate inhibited Reaction 7 as well as Reaction 5 (see above) 
but had no effect on Reactions 1, 2, 3, 4, or 6, one might conclude 
that the succinate-fumarate system was indeed a necessary link 
in the transport of hydrogen from triose phosphate or CoHgl to 
oxygen, and the theory of Szent-Gyérgyi would be confirmed. 
If, on the other hand, Reaction 5 were inhibited and Reaction 7 
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unaffected, some mechanism of hydrogen transport other than that 
shown in Reactions 1 to 6 would be indicated. 


EXPERIMENTAL 


Enzymes—Two types of enzyme preparations were used. The 
triose phosphate dehydrogenase preparations were made accord- 
ing to Green, Needham, and Dewan’s method (13) for preparing 
“mutases.”” Rabbit skeletal muscle was minced finely and 
extracted with ice water, the extract was precipitated with acetone, 
and the precipitate was dried in vacuo. The dry powder was 
homogenized in water with the device of Potter and Elvehjem 
(14) and the suspension was dialyzed. The denatured proteins 
were centrifuged down and the clear supernatant was used as a 
source of zymohexase and triose phosphate dehydrogenase. 

The succinoxidase preparations (succinic dehydrogenase plus 
cytochrome system) were prepared according to Stotz and 
Hastings (15) by extracting well washed pig heart muscle with 
alkaline phosphate. It was found to be necessary to use only 
fresh preparations of this enzyme, since some component of the 
enzyme system appeared to be quite labile even in the cold (1). 
In addition to the succinic dehydrogenase and the cytochrome 
system, the preparation contained small amounts of triose phos- 
phate dehydrogenase and considerable amounts of the coenzyme 
factor ‘“‘diaphorase” (16, 17), as was shown by the reduction of 
methylene blue in vacuo, with dihydrocozymase as a hydrogen 
donator. 

Coenzyme—Coenzyme I (diphosphopyridine nucleotide, cozy- 
mase) of 95 per cent purity was kindly furnished by Dr. F. Schlenk. 
It was prepared from ale yeast. 

Apparatus—Oxygen uptake measurements were made in a 
conventional Warburg apparatus at 30°. 


Methods and Results 


The effect of malonate on Reaction 5 was studied by observing 
the effect of the inhibitor on the sum of Reactions 5 and 6, which 
is simply the oxidation of succinate by molecular oxygen and can 
be studied in the Warburg apparatus. 


Reaction 5 + 6 = 
(9) Succinate + 40; — fumarate + H,O 
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Reaction 9 was studied by adding succinate to the succinoxidase 
preparation and measuring the oxygen uptake in the presence and 


Taste | 
Effect of Malonate on Oxidation of Triose Phosphate and of Succinate 


Flask No. 
Additions . dil 
1 2/| 3 4 5 6 7 s | 9 | 
ml. | mi. | ml. | ml, | mi. | mil. | ml. | mi. | ml. | mi. 
0.5m — phos- | | 
phate, pH | | | 
0.25 0.25) 0.25 | 0.25 | 0.25 | 0.25 | 0.25 0.25.0.250.25 
Succinoxidase | a | | 
does .| 0.20 0.20) 0.20 | 0.20 | 0.20 | 0.20 | 0.40 (0.20.0.20 
0.1m sodium | tia vee 
succinate*...| 0.20 0.20 
0.1m sodium — 
malonate... | 0.20 0.20 0.20 
Triose phos- | 
phate Dehy- | 
drogenase | booq 
er wes! 1.00 1.00 | 1.00 1.00 | 1.00 |1.001.001.00 
0.1% Cozymase| 
RSP 0.40 | 0.40 | 0.40 | 0.40 | 0.40 0.40 0.40 
10% hexose di- | 
phosphate’. .| 0.25 0.25 | 0.25 | 0.25 | 0.25 0.250.25 
0.4m sodium 
fluoride | 0.15 | 0.15 | 0.15 0.150.150.18 
WEE vc d<00% | 2.05 1.85 0.60 | 0.40 | 0.45 | 0.25 | 0.25 (0.650.850.70 
O, uptake 
| c.mm. — ¢.mm, c.mm, c.mm. c.mm, c.mm. o | & | a 
In 10 min......|;85 © |92 | 92 | 8 /|85 (1022 0 (0 0 


coh Ail 175 0 (178 (180 (198 (201 (246 0 0 0 


* These additions were placed in a side arm of the Warburg flasks and 
added to the main portion after the temperature equilibration had been 
completed and the stop-cocks closed. The center cups contained 0.3 ml. 
of 10 per cent KOH with filter paper in all cases although it was probably 
unnecessary to use alkali here. 


absence of malonate. Flasks 1 and 2 in Table I show that the 
oxidation of succinate was completely inhibited by malonate in a 
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final concentration of 0.0074 m which was the same as the succinate 
concentration. 

Reaction 7, the oxidation of triose phosphate by molecular 
oxygen, was studied by measuring the oxygen uptake of a recon- 
structed enzyme system which was composed of the following 
additions: hexose diphosphate, triose phosphate dehydrogenase 
preparation containing zymohexase, cozymase, and the same suc- 
cinoxidase preparation which was used in succinate experiments; 
eg., Flasks 1 and 2, Table I. This complete system oxidized 
triose phosphate at a rapid rate, as shown with Flask 3. Flask 
9 shows that cozymase was needed for the reaction, Flask 10 shows 
that hexose diphosphate (triose phosphate) was the source of 
hydrogen, and Flask 8 shows that the succinoxidase preparation 
was necessary for the oxidation. The next step was to investi- 
gate what was being contributed to the mechanism of Reaction 7 
(or 8) by this succinoxidase preparation. 

Dewan and Green (18), in connection with studies on the enzyme 
which dehydrogenates CoH,I (coenzyme factor, diaphorase), 
have worked with a system which would oxidize triose phosphate 
and have obtained data very similar to those presented here with 
Flasks 3, 8, 9, and 10. They concluded that the coenzyme sys- 
tems could be linked to oxygen via cytochrome oxidase, coenzyme 
factor, and cytochromes a and b, which were all present in their 
heart muscle preparation. They did not consider the possibility 
that the coenzyme factor might be catalyzing Reaction 4 as Szent- 
Gyérgyi suggests (3) and in fact did not report any experiments 
on the presence or absence of succinic dehydrogenase in their en- 
zyme mixture. In experiments on mechanism it is necessary to 
define as completely as possible enzyme preparations which are 
but slightly purified. In the present work the succinoxidase 
preparation was similar to Dewan and Green’s heart muscle 
preparation and our mixture clearly contains succinic dehydro- 
genase (Flask 1, Table I). In addition we have shown that the 
preparation contains considerable amounts of coenzyme factor. 
We have also demonstrated the presence of cytochrome ¢ and 
cytochrome oxidase according to Stotz, Sidwell, and Hogness 
(19) and cytochromes a and b spectroscopically. 

It appeared that one could determine whether or not Reaction 
8 is to be explained as the sum of Reaction 4 + 5 + 6 quite simply 
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and directly by adding malonate to a system such as is represented 
by Flask 3 in Table I. This accordingly was done in the case of 
Flask 4 and the result clearly shows that the malonate had no 
effect on Reaction 7 and therefore no effect on Reaction 8. It 
seems worthy of emphasis that the experiment is strikingly con- 
trolled by the results shown with Flasks 1 and 2 in which the 
same amount of malonate completely blocked Reaction 9 when 
the same amount of the same enzyme preparation was used. 
Under the conditions of these experiments, therefore, it appears 
that Reactions 7 and 8 can proceed by some mechanism other 
than that proposed by Szent-Gyérgyi. In a preliminary report 
(20) we have shown, in contrast to the work of Dewan and Green, 
that the mechanism includes cytochrome c. 

Included in Table I are data which show the effect of fluoride 
with and without malonate on the oxidation of triose phosphate. 
From the work of Green, Needham, and Dewan it appeared likely 
that the triose phosphate dehydrogenase preparation contained 
both a-phosphoglycerol and lactic dehydrogenases which in the 
presence of the appropriate oxidized substrate would compete 
with oxygen for the hydrogen of reduced cozymase; their work 
indicated that the lactic dehydrogenase was by far the more 
active. The formation of pyruvate was therefore to be avoided 
if possible. Pyruvate is believed to be formed subsequent to the 
breakdown of phosphoglyceric acid to phosphopyruvic acid, a step 
which is inhibited by fluoride; phosphopyruvic acid is believed to 
yield pyruvic acid in the presence of the proper enzymes plus 
adenylic acid and magnesium ions. In the absence of the latter 
two activators it is doubtful whether the presence or absence of 
fluoride would have much effect on pyruvate formation. A com- 
parison of Flasks 3 and 4, in which no fluoride was present, with 
Flasks 5 and 6, to which fluoride was added, shows that the 
presence of fluoride had very little effect on the initial rate of 
oxygen uptake but that with time the presence of fluoride actu- 
ally resulted in a better maintenance of the initial rate. This 
might be explained by assuming that in the absence of fluoride a 
small amount of pyruvate was formed by the breakdown of 
phosphoglyceric acid and in the presence of lactic dehydrogenase 
this pyruvate was able to compete with oxygen for the hydrogen 
of reduced cozymase. That this may be the correct explanation 
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is further supported by the fact that in the absence of fluoride 
the addition of magnesium ions to the total system in order to 
stimulate pyruvate formation resulted in a further lowering of 
oxygen uptake. 


SUMMARY 


1. The effect of malonate on the oxidation of triose phosphate 
in a reconstructed enzyme system was studied in an attempt to 
determine whether succinic dehydrogenase is part of the hydrogen 
transport mechanism between coenzyme I and oxygen, as is 
postulated by the Szent-Gyérgyi theory. 

2. It was found that the oxidation of triose phosphate was 
completely unaffected by an amount of malonate which was 
shown to cause 100 per cent inhibition of the succinic dehydro- 
genase which was present in the enzyme mixture, suggesting that 
the oxidation of coenzyme I-linked metabolites can proceed by 
some mechanism other than that which has been proposed by 
Szent-Gyd6rgyi. 


The author takes this opportunity to thank Professor H. von 
Euler and Dr. Erich Adler for laboratory facilities and helpful 
suggestions in connection with this problem. 
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Zinc has been shown to be an element essential to the life and 
growth of rats, but as yet there is no clear indication of what 
its function may be in metabolism. There are several reports of 
the occurrence of zinc in pure biological compounds. Scott and 
Fisher (1) have shown zine to be necessary for the crystallization 
of insulin, although other metals were also effective. Keilin and 
Mann (2) report that carbonic anhydrase contains 0.32 per cent 
zinc. However, it has been well established that this enzyme is 
inhibited by small amounts of added zinc (Meldrum and Roughton 
(3), and unpublished data from this laboratory). In connection 
with the réle of this red blood cell enzyme it may be significant 
that a zinc-porphyrin compound is excreted in the urine of hu- 
mans (4). A zinc-porphyrin has also been isolated from diptherial 
toxic broth (5). Foster and Waksman (6) hav~ shown zinc to be 
essential for the growth and fumaric acid production of Rhizopus 
nigricans. Recently Holmberg (7) has found that a purified 
uricase preparation contains 0.13 per cent zinc. 

In previous work from this laboratory (8, 9) we have been able 
to find no detectable difference in the carbohydrate metabolism 
of zinc-deficient rats. However, a disturbance of the nitrogen 
metabolism was observed. This involved a decreased blood non- 
protein nitrogen, a marked delay in the rate of absorption of 
amino acids fed by mouth, an increase in fecal nitrogen excretion, 
a decrease in the daily urinary creatinine excretion, and a marked 


* Published with the approval of the Director of the Wisconsin Agricul- 
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reduction in the pancreatic trypsin content. It was also shown 
that there is no appreciable decrease in the zine content of most 
of the soft tissues of the zinc-deficient animal. However, bone, 
teeth, and to a lesser degree small intestines do show a decreased 
concentration of this element. Because of this change our at- 
tention was attracted to the possible effect of zinc ions on the 
activity of phosphatases of the bone and other tissues. 

A survey of the literature reveals that Erdtman (10) founda 
0.004 mM concentration of zinc ions to produce an 18 per cent 
inhibition of dialyzed kidney phosphatase. Jenner and Kay (11) 
state that zinc has no, or slight inhibitory, effect on phosphatases, 
although they give no experimental details or data. However, 
Pett and Wynne (12) observed a stimulation of bacterial pyro- 
phosphatases by zinc in small amounts and inhibition at higher 
levels. Other bacterial phosphatases were inhibited by all con- 
centrations of zinc used. 


EXPERIMENTAL 


Bone phosphatase preparations were made by grinding the 
cleaned fresh bone (rat femurs), making up to a 5 per cent sus- 
pension in water, and allowing to autolyze for 24 hours at 37° 
in the presence of chloroform. This mixture was then filtered 
through a Whatman No. 42 paper, producing a water-clear en- 
zyme preparation containing about 4 mg. of dry matter per ce. 
The crude intestinal enzyme was prepared in the same way ex- 
cept that the washed, whole, rat intestine was minced and made 
up to a 10 per cent suspension. After the filtration this crude 
intestinal phosphatase solution had about 14 mg. of dry matter 
per cc. When this was dialyzed at pH 6.1 for 48 hours, the dry 
matter content was reduced to 2 mg. per cc. The enzyme solu- 
tion took on a non-filtrable cloudiness during dialysis which 
precipitated after a few days in the refrigerator. Toluene was 
used as a preservative during the dialysis, and a mixture of toluene 
and chloroform afterwards. 

The substrate used in a majority of the experiments to be re- 
ported has been sodium §-glycerophosphate, although disodium 
phenyl phosphate, sodium hexosediphosphate, and sodium pyro- 
phosphate have also been used. These phosphate esters were 
made up as a 4.8 mm solution (1 cc. = 0.15 mg. of P) in a 50 

















Hove, Elvehjem, and Hart 427 


mM veronal buffer. The final pH was adjusted to 9.2. For 
each determination 10 cc. of the substrate solution and 0.5 cc. of 
the enzyme solution in a total volume of 11.5 cc. were incubated 
at 37°. The reaction was stopped with 2 cc. of a 10 per cent 
trichloroacetic acid solution, filtered if necessary, and the liberated 
inorganic phosphorus determined by the customary Fiske-Sub- 
barow method. Blanks were run with every experiment. Any 
substance added to the reaction mixture was tested for its effect 
on the substrate alone, under the identical time and temperature 
conditions of the reaction. 

Effect of Zinc on Phosphatases in Vitro—In the preliminary ex- 
periments on the effect of zinc on the activity of animal alkaline 
phosphatases in vitro the standard King-Armstrong method was 
used. The substrate for this method is disodium phenyl phos- 
phate, and the incubation time is half an hour at 37.5°. It was 
found that the activity of crude bone phosphatase was progres- 
sively inhibited by increasing concentrations of zinc ion. The 
effect of zinc on the action of crude kidney phosphatase was also 
inhibitory, but only to a small degree. However, when crude 
intestinal phosphatase was tested, zinc was found to have no 
effect at all. 

These preliminary results appeared to indicate a difference in 
the phosphatases from the three sources, so the work was extended 
to other substrates. The effect of zinc on the hydrolysis in vitro 
of 8-glycerophosphate (21 hours incubation) by the crude bone 
and kidney phosphatases was more or less markedly inhibitory, 
thus agreeing with the first results obtained with the pheny! phos- 
phate substrate. However, the effect of zinc on the hydrolysis 
of glycerophosphate by the crude intestinal phosphatase was 
markedly activating. Zinc also was found to activate the hydrol- 
ysis of sodium hexosediphosphate and sodium pyrophosphate by 
the crude intestinal phosphatase. These results are shown in 
Fig. 1. During the last 12 months this stimulating effect of zinc 
on the hydrolysis of 8-glycerophosphate by crude rat intestinal 
phosphatase has been repeated on approximately 60 to 70 indi- 
vidual preparations, the degree of activation varying between 40 
and 110 per cent. Zine chloride, sulfate, and nitrate are equally 
effective. The pH of the reaction mixture is not altered by the 
amounts of zinc salt used in these experiments. 
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The time course of the hydrolysis of 8-glycerophosphate by the 
crude intestinal phosphatase alone, and with optimum zinc, 
optimum magnesium, and a combination of optimum amounts of 
zinc and magnesium, is shown in Fig. 2. From the curves in this 
chart it can be seen that both of the metal ions undergo an aug- 
mentation in their percentage activation effect with time. This 
has previously been observed for the magnesium ion by Bodansky 
(13) and Holmberg (14). It should be noticed that the percent- 
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Fic. 1. The effect of zine on crude intestinal phosphatase activity in 
vitro. 21 hour incubation period at 37°, pH 9.2. Substrates, Curve I, 
hexosediphosphate; Curve II, glycerophosphate; Curve III, sodium 
pyrophosphate. 


age activation due to zinc at } hour’s incubation is slight, amount- 
ing to only 5 per cent. This furnishes a possible explanation of 
the lack of zine activation of the hydrolysis of the phenyl phos- 
phate substrate by the crude intestinal phosphatase, since here 
the incubation was only continued for a half hour; and in fact, it 
has been found that with a longer incubation period zine does ac- 
tivate the hydrolysis of this substrate. Since the metal ions, 
zinc and magnesium, together produce an effect greater than 
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either alone (Fig. 2), it seems possible that the mechanism of 
activation by these ions is, in part at least, different and 
independent. 

Dialysis of the crude intestinal phosphatase resulted in a com- 
plete loss of the ability of zine ions to activate the enzyme. In 
fact the intestinal enzyme after dialysis was inhibited by zinc; 
this observation brings a uniformity into the action of zine ions 
on phosphatases from the three sources—bone, intestine, and kid- 
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Fic. 2. The time course of the hydrolysis of 8-glycerophosphate by 
erude intestinal phosphatase. Concentration of zinc, 0.03 mm; of mag- 


nesium, 0.1 mM. 


ney. The degree of the zine inhibition of intestinal phosphatase 
increases slowly with the length of dialysis, as is shown in Fig. 3. 
From the curves shown in Fig. 3, it is evident that the ability of 
zinc to stimulate the magnesium-activated dialyzing enzyme 
outlasts the ability of zine to stimulate the dialyzing enzyme 
alone. However, this property also is lost when dialysis is suffi- 
ciently complete, as is shown in Preparations 2 and 3 of Table I. 
Also from Table I it is evident that the dialysate, when again 
added to the dialyzed intestinal enzyme, can restore the zinc 
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activatability of the enzyme. The dialysate alone, or in the pres- 
ence of zinc or magnesium or both, had absolutely no effect on 
the substrate. 

These results indicate that there is present in crude intestinal 
preparations, but seemingly not in bone or kidney preparations, a 
dialyzable substance which, together with zinc ion, is able to 
activate phosphatases. This dialyzable zinc coactivator is not 
destroyed by taking the dialysate to dryness at 100°. It is de- 
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Fic. 3. The change of metal ion action on intestinal phosphatase activity 
with increasing time of dialysis. Substrate, 8-glycerophosphate ; incuba- 
tion period, 21 hours; concentration of zinc, 0.03 mm; of magnesium, 0.2 mm. 





stroyed by ashing. It is soluble in water, partially soluble in 
absolute ethyl alcohol, and completely insoluble in pyridine, 
acetone, and absolute butyl alcohol. It is soluble in dilute acids 
and bases, although it seems to be partially destroyed by being 
taken to dryness in the presence of concentrated ammonia or 
NaOH. A boiled tissue extract from a fresh intestine has none 
of this substance. A boiled tissue extract from a portion of the 
same intestine after a 24 hour autolysis at 37° has high activity. 

Since the zinc coactivator appeared to be a product of autolysis, 
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a casein hydrolysate was tried and found to have a high activity, 
as is shown in Table II. Following this observation, a group of 
pure amino acids was tested (the pH of the amino acid solutions 
having been adjusted before use). As is evident from Table II, 
all of the a-amino acids had a more or less strong zince-coactivating 
property. Their effect seemed to a degree to be inversely related 
to the length of the chain. The corresponding f-amino acids, 
keto acids, hydroxy acids, or aliphatic acids had little or no ac- 


TABLE I 


Effect of Dialysis for 36 Hours and of Metal Ions on Intestinal 
Phosphatase Preparations 


Substrate, 8-glycerophosphate; incubation period, 21 hours at 37°; 
final concentration of added metal ions, Zn 0.05 mm, Mg 0.2 mm. 








Non-dialyaed Dialysed | Dialyzed + dialysate 
Gale |  elded™ p | Change | | 
Wernted | go'metal | tot | Ome | | 
1 None 0.790 0.587 | 6.700 | 
Mg 0.950 | +25 | 0.644 | +10 0.903 | +24 
Zn 1.14 | +44 | 0.477 | —19 | 1.04 | +48 
Mg +Zn | 1.18 | +50 | 0.732 | +25 | 1.06 | +49 
2 None | 0.420 | | 0.249 | 0.279 | 
Mg 0.695 | +65 | 0.464 | +86 | 0.549 | +97 
| Zn 0.520 | +24 | 0.063 | -75 | 0.448 | +61 
Mg + Zn | 0.770 | +84 | 0.272 | +9 | 0.804 | +187 
3 | None 0.366 0.216 | 0.320 
| Mg 0.649 | +77 | 0.403 | +88 | 0.545 | +70 
Zn 0.636 | +74 | 0.054 | —75 | 0.470 | +47 
Mg + Zn | 0.724 | +101 | 0.200 | -7 | 0.611 | +92 





tivity. This is likewise true of such N compounds as choline and 
cholamine. Glutathione had a relatively high activity. This 
high activity may have been a result of the combined activity of 
each of the three a-amino groups in the molecule, indicating that 
an entirely free NH, group is not necessary, or it may be related 
in some way to its —SH group. It should be noticed, however, 
that the high percentage activation due to zinc in the case of 
glutathione is due ultimately to the very marked inhibition pro- 
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duced by the GSH alone and not to a higher final activity brought 
about by the addition of zinc to the glutathione. 


TaBLe II 


Action of Amino Acids and Other Organic Compounds* As Zinc Coactivators 
for Dialyzed Intestinal Phosphatase 


Substrate, 8-glycerophosphate; incubation period, 21 hours at 37°; 
final concentration of zinc, when added, 0.05 mm. 








a. Hydrolysis of substrate Activation 
a 1 1am 
compound No Zn Plus Zn 
mg. per cc. per cent per cent | per cent 
0 13.6 10.3 
Casein hydrolysate 0.3 13.0 27.0 108 
1.0 11.6 33.5 190 
mM 
Glycine 1.5 10.5 26.1 148 
dl-Alanine 1.5 13.0 25.8 100 
Aspartate 1.5 12.1 20.8 72 
Glutamate 1.5 13.1 19.0 46 
Valine 1.5 12.2 20.0 63 
Lysine | 1.8 11.2 21.0 88 
Arginine 1.5 12.0 18.9 57 
Cystine 1.0 12.5 24.3 94 
GSH 1.5 6.7 21.3 220 
8-Alanine 1.5 13.7 15.1 9 
Choline 1.0 13.7 14.8 8 
Cholamine 1.5 13.6 15.2 10 
Lactate 1.5 14.8 12.5 
Pyruvate 1.5 13.9 13.7 
Glutarate 1.5 13.7 13.7 
Nicotinate 1.5 13.6 12.7 
Ascorbate 1.5 12.8 12.1 





* The organic compounds were adjusted to pH 8.5 before use. 


From Fig. 4 it is evident that neither zinc nor the amino acid 
alanine had any effect on the pH optimum of the intestinal 
phosphatase. 

The next point to establish was the optimum concentration of 
the amino acids in their action as zinc coactivators. The work 
with the amino acid glycine will be reported in detail. From 
Table III the following points are apparent. (a) The optimum 
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Fic. 4. The pH-activity curve of dialyzed intestinal phosphatase in the 
presence of alanine (1 mm) and alanine plus zine (0.03 mm). Substrate, 
8-glycerophosphate; incubation period, 18 hours. 


Tasie III 
Optimum Concentration of Zine and Glycine for Activation of Dialyzed 
Intestinal Phosphatase 


Substrate, 8-glycerophosphate; pH, 9.2. The figures are the percentage 
hydrolysis of the substrate. 


Glycine concentration 
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Time | gm concen | 

ineubated | tration = | : ioe 
0 mM 0.5 mu 1.0 mu 2.0 mu 4.0 mu 

hrs. mM 
2 0 a3 | 48 | (98 bide] G2 
0.0015 48 i. 88 |. 3% | Sues 
0.006 | 4.5 | 6.7 | 8.6 | 9.5 9.3 
0.015 3.8 48 | 7.5 10.0 9.2 
0.03 | 25 | 36 | 6.7 9.9 | 10.4 
0 mu | 0.9 mu 1.8 mu 4.5 mu 8.7 mu 
24 0 32.1 | 25.7 22.0 15.0 12.5 
0.008 38.0 | 48.0 46.5 | 38.1 28.0 
0.035 | 30.9 | 45.2 62.0 | 47.1 | 37.5 
0.075 | 28.5 | 36.5 47.0 | 60.8 | 47.3 
0.150 | 26.0 | 32.4 37.2 | 45.0 | 60.0 








The bold-faced figures represent the highest values found. 
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zinc and optimum glycine concentrations are interrelated and 
depend on each other. A rough proportionality of the concentra- 
tions for optimum stimulations is 1 molecule of zine for every 
75 to 100 molecules of glycine; (b) the final optimum reached ap- 
pears to be about the same for all absolute levels of the zinc- 
glycine optimum concentrations; (c) the optimum range becomes 
much broader and flatter when the higher levels of glycine are 
used. The same general relations apply to the action of zinc and 
glycine on the 6-glycerophosphatase of the kidney (Table IV) and 
bone (Table V) and the hexosediphosphatase and pyrophosphatase 
of the dialyzed intestinal preparations (data not shown). 


TABLE IV 


Effect of Zine and of Glycine on Hydrolysis of 8-Glycerophosphate by Kidney 
Phosphatase Preparation 


The figures are the percentage hydrolysis of the substrate in 21 hours. 








Dialyzed enzyme 

= — i Glycine concentration 

0 mM 1.0 mm 3.0 mm 6.0 mm 
mM 

0 25.0 13.5 12.8 10.9 
0.0015 28 .0 16.8 18.7 15.9 13.5 
0.005 27.7 10.5 22.0 17.1 16.1 

0.015 | 17.2 8.0 20.0 
9.5 5.6 14.1 16.3 17.5 


0.050 


As has been shown by Bodansky (13), the degree of activation 
of phosphatases by the magnesium ion is augmented by the 
presence of an amino acid. This is also evident from the mag- 
nesium curve of Fig. 3. A shifting of the optimum magnesium 
concentration with the amount of glycine in the reaction mixture 
is shown in Table VI. 

The additions of combinations of zinc and magnesium ions or 
zinc and manganese ions to dialyzed phosphatases have pro- 
duced some interesting results. As has been shown in Fig. 3 
and Table I, the ability of zinc ion to stimulate intestinal phos- 
phatase activity disappears on dialysis, but the ability of this 
element to stimulate the same dialyzing phosphatase when it is 
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activated by an optimum magnesium concentration does not 
disappear with anything like the same rapidity. With the 
completely dialyzed enzyme preparation the strong inhibitory 


TABLE V 


Action of Zinc and Glycine on Degree of Hydrolysis of B-Glycerophosphate 
by Bone Phosphatase Preparations at pH 9.2 


The figures are the percentage hydrolysis of the substrate. 


Dialyzed enzyme 


; Non- = 
insisted “ace” | dialysed | Giysine conoentration 

0mm 1.0 mu 3.0mm (| 60mm 

hrs, mM 
2 0 11.3 8.8 9.0 8.5 7.8 
0.0015 14.6 8.3 9.8 8.7 8.8 
0.0045 11.2 6.7 9.6 10.0 9.2 
0.015 6.5 4.5 7.0 9.7 10.0 
0.030 4.4 3.0 5.0 8.7 9.3 
21 0 34.0 30.5 25.6 23.0 
0.003 31.7 36.6 34.0 29.8 
0.005 14.5 29.0 34.4 31.0 
0.025 6.4 14.7 26.2 32.8 


The bold-faced figures represent the highest values found. 
TaBLe VI 
Effect of Glycine on Magnesium Activation of Dialyzed Intestinal Enzyme 
Substrate, 8-glycerophosphate; incubation period, 18 hours at 37°. 
The figures are the percentage hydrolysis of the substrate. 


Glycine concentration 
Mg concentration = : ia 





0m 1.0 mu 3.0 mm 
mM 
0 19.8 19.8 18.4 
0.04 26.6 28.6 28.0 
0.10 28.6 31.3 33.6 
28.8 32 


0.40 8 36.3 


effect of zinc and the activating effect of magnesium tend to 
cancel each other (Table I). 

In Figs. 5 and 6, the effect of combinations of zinc and man- 
ganese upon crude bone phosphatase is shown. It is apparent 
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that zinc alone inhibits in the concentrations used, and that man- 
ganese alone has a slight activating effect. However, when the 
two ions are added together at a minimum ratio of Mn:Zn of 
about 10:1, the activity of the phosphatase is brought to a point 
higher than by Mn alone. Thus the crude bone enzyme reacts 
to the two metals in a way analogous to the response observed 
in the incompletely dialyzed intestinal enzyme. This peculiar 
relation of the metal ions to phosphatase activity was used to 
establish the reversibility of the zinc inhibition. The addition 
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mM Zinc 
Fic. 5. The effect of increasing amounts of zinc alone, and in the pres- 


ence of a constant amount of Mn (0.08 mm), on the activity of crude bone 
phosphatase. Substrate, 8-glycerophosphate ; incubation period, 21 hours. 


of the stimulating ion (Mg or Mn) to the zinc-inhibited reaction 
mixture after a certain period of incubation resulted in the com- 
plete restoration of activity to that attained when the two ions 
were added from the beginning of the incubation period. These 
results are shown in Table VII. From this, it is evident that the 
responses of the incompletely dialyzed intestinal phosphatase 
and the crude bone enzyme are similar. 

Relation of Zine to Phosphatases in Vivo—-The phosphatases 
of the bone and intestines of zinc-deficient animals (prepared as 
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mM Manganese 
Fic. 6. The effect of increasing amounts of Mn alone, and in the pres- 
ence of a constant amount of Zn (0.04 mm), on the activity of crude bone 
phosphatase. Substrate, 8-glycerophosphate ; incubation period, 21 hours. 





Taste VII 
Reversibility of Zinc Inhibition of Phosphatases 


Substrate, 8-glycerophosphate; final concentration of ions, when added, 
Zn 0.05 mm, Mg 0.2 mm, Mn 0.1 mm; Enzyme A, 24 hour dialyzed intestinal 
phosphatase, Enzyme B, non-dialyzed bone phosphatase. The figures are 
the percentage hydrolysis of the substrate. 

















| Time incubated 
Enzyme ee 2 eee ee ee eee eee 
0.5 hr 1.0 br 2.0 hrs. 3.0 hrs. 
A None | 21.3 33.0 43.1 47.5 
Zn 16.5 22.0 28.5 32.0 
| Mg added 50.0 62.1 
Mg 29.5 | 39.1 54.1 60.2 
Zn + Mg 29.1 43.1 58.2 64.5 
10 hrs. 20 hrs. 40 hrs. | 70 hrs. 
B None 38.0 | 48.8 62.8 | 70.0 
Zn 6.7 8.7 re ee 
Mn added |= 57.0 77.5 
Mn 39.8 51.1 65.0 72.5 
43.2 | 54.0 70.0 78.0 
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described by Hove, Elvehjem, and Hart (9)) and of rats on a 
high (toxic) zinc diet have been determined. The crude prepara- 
tions were used throughout. 

Zine Deficiency—From the data in Table VIII it can be seen 
that the intestinal phosphatase of the zinc-deficient rats is con- 
siderably lower than that in normal controls. There was also a 
slight, but possibly insignificant, lowering of the bone phospha- 


TaBie VIII 
Intestinal Phosphatase Content of Zinc-Deficient and Control Rats 
Substrate, glycerophosphate; enzyme, crude intestinal preparations; 


incubation period, 21 hours at 37°. 


Per cent hydrolysis of substrate 








Group | Per cent | Per cent 
| Plus 0.06 increase Plus 0.2 increase 
| mm Zn | inactivity| mm Mg _ in activity 
| | due to Zn | due to Mg 

Zinc-deficient rats 32.1 | 56.5 75.5 
18.5 | 47.0 | 154 43.8 105 
33.0 | 61.5 87.3 56.4 51.6 
21.6 | 43.7 | 102 45.2 107 
16.4 34.0 | 108 
32.8 63.0 | 92.5 
37.5 74.0 | 96.0 57.1 58.0 
on ions | 27.4 | 54.3 | 102 | 50.6 | 80.4 
Normal control rats | 46.6 85.0 82.5 
48.0 71.0 48.1 63.0 | 25.0 
44.5 63.2 41.5 61.2 38.0 
27.5 51.4 94.0 49.5 76.6 
60.0 73.2 22.0 | 72.0 19.8 
PE | 45.3 | 68.7 57.6 61.4 39.8 


tases. When optimum zinc is added in vitro to these crude 
intestinal preparation reaction mixtures, the response of the 
preparations from the zinc-deficient rats is much greater than 
that of preparations from the normal rats. This difference in 
the reaction to zinc in vitro cannot be due to a lower zinc content 
in the preparations from the deficient rats, since an entirely 
analogous difference exists with respect to the addition of mag- 
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nesium ion, in vitro, as is shown in Table VIII. The possible 
explanations are that the crude preparations from the zinc- 
deficient rats have a lower amino acid content, or that there is 
a less abundant formation of intestinal phosphatase in the zinc- 
deficient animal. If the latter is the case, then the greater per- 
centage activation by the metal ions may, perhaps, be related to 
the greater dilution of these enzyme solutions. 

Rats on High Zine Diet—Seven adult male rats were placed 
upon a stock ration and seven similar rats on the stock ration to 
which had been added 0.5 per cent of zinc (as zine sulfate). 


TaBLe IX 


Effect of Feeding High Zinc Diet (0.6 Per Cent Zine As Zine Sulfate) to 
Normal Adult Male Rats for 4 Weeks 


is . . 
7 control rats | 7 rate on high zine diet 





—— Ee 





OS, re .| 59.6 -63.0 | 61.3 | 54.8 -59.0 | 56.4 
Zn of dry bone, mg. per gm....| 0.20- 0.27. 0.23 0.76- 1.25) 0.97 
Bone phosphatase, % hydroly- | 
sis of substrate in 21 hrs... 28.0 -34.0 | 31.0 | 46.1 -55.4 50.0 
Intestinal phosphatase, % 
hydrolysis of substrate in 





| Serre Po lm Fe 
Intestinal phosphatase after 

dithizone extraction........; 18.5 -25.0 | 20.3 | 12.9 -30.0 | 21.5 
Loss of activity due to dithi- 

zone extraction, %.. SY, 5.0 25.8 





Bone ash, zinc content of the bones, and bone and intestinal phos- 
phatase were determined (Table IX). In confirmation of the 
work of Waltner (15) a decreased bone ash was noticed when 
the high zinc diet was fed. Ionic zinc was removed from the 
intestinal phosphatase preparations by shaking with dithizone 
(in CCl) followed by pure CCl, to remove any adsorbed dithizone. 
The activity of the intestinal phosphatases after this treatment 
was considerably less for the rats on the high zine diet and only 
slightly less for the rats on the basal diet. This indicates that 
the higher level of phosphatase activity in the rats on the high 
zinc diet was actually due to the higher water-extractable zinc 
content in their intestinal walls. 
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DISCUSSION 


The marked activation of crude intestinal phosphatase by mi- 
nute amounts of zinc ion has been shown to occur only in the pres- 
ence of a dialyzable, organic substance which is present in the 
crude intestinal preparations but seemingly present to a much 
less degree in kidney and bone enzyme preparations. There is 
no evidence that this compound is in any way related to the co- 
phosphatase of Albers (16). It has been shown that several pure 
amino acids have an action equal to that of the zine coactivator 
present in the crude intestinal preparation. However, it has not 
been established that the amino acids liberated by the autolysis 
of the intestinal mucosa are the only compounds with a zinc-co- 
activating property present in the crude preparation. In fact, 
the lability of a portion of the natural coactivator to strong alkali 
suggests the possible réle of —SH groups. The pure amino acids 
do not show this strong alkali lability. 

It has been consistently observed that the crude intestinal 
enzyme preparation gives no visible precipitate when trichloro- 
acetic acid is added, while the crude bone and kidney enzyme 
preparations do. This indicates that the hydrolysis of the tissue 
proteins during the autolysis is more complete in the case of the 
intestinal preparations and strengthens the assumption that the 
natural coactivator is the liberated amino acids. The explana- 
tion for this greater degree of autolysis of the intestinal prepara- 
tions may be related to the adherence of bits of the pancreas, 
or pancreatic juice itself, to the intestinal wall, thus furnishing 
tryptic enzymes to aid the breakdown of proteins. The effect 
of these tryptic enzymes could not be very great in the autolyzing 
or stored preparations, since the pH is too low; but during the 
incubation period of the phosphatase runs these tryptic enzymes 
can be expected, owing to the now alkaline pH, to be active and 
produce a certain amount of amino acids from the proteins in 
solution. Such an amino acid production may be a factor in the 
marked increase in the percentage activation by zinc and mag- 
nesium ions of phosphatase activity with time. It is also possible 
that the cells of the mucosa may be loaded with amino acids or 
protein fragments from food digestion. 

Both the carboxy group and the NH, group in the a position 
are essential for zinc coactivation. Yet the wide difference in 
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the concentration of the zinc and the amino acid for optimum 
effect makes it difficult to conceive of a final zinc-amino acid 
complex as being the actual activator. The fact that the zine 
ion has a very broad and flat optimum when the amino acid con- 
centration is near that of the substrate concentration suggests a 
possible réle of the amino acid as a phosphate transporter or 
earrier in the dephosphorylation. 

Lohmann and Kossel (17) have shown that zinc in a concentra- 
tion of about 3 X 10-* mm stimulates the decarboxylation of 
pyruvic acid by yeast maceration juice plus thiamine pyrophos- 
phate. When they used washed yeast as the source of carboxy- 
lase, zinc had only an inhibitory effect. Since in the prepara- 
tion of the maceration juice the yeast was presumably allowed to 
autolyze before being ground, it undoubtedly contained a much 
higher free amino acid content than the washed yeast. It seems a 
possibility, therefore, that the same relation between zinc and 
amino acids holds for the activation of this reaction, as we have 
demonstrated here for the alkaline phosphatases. 

The lowered intestinal phosphatase content (or activity) of 
zine-deficient rats may be related ultimately to the previously 
established decrease in pancreatic tryptic activity during the zinc 
deficiency (9). It had also been shown previously (8) that the 
zine deficiency is characterized by a lowered blood non-protein 
nitrogen and by an increase in the time required for an amino 
acid given by mouth to pass from the gastrointestinal tract to the 
blood stream. This delay in the absorption of amino acids may 
be explained on the basis of intestinal stasis resulting from the 
decreased pancreatic enzymes, or, if amino acid absorption should 
be shown to involve phosphorylation the slower amino acid ab- 
sorption in zinc-deficient rats may be explained on the lowered 
intestinal phosphatase of these rats. Thus, the in vitro relations 
shown in this paper among zinc, amino acids, and organic phos- 
phoric esters may indicate an in vivo relation between these sub- 
stances and the reactions governing them. 


SUMMARY 


1. Crude intestinal phosphatase activity is increased 40 to 100 
per cent by the addition of zinc ions in vitro. Crude kidney and 
bone phosphatase activities are progressively inhibited by concen- 
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trations of zinc of 4 X 10-* to 70 KX 10-* mm. This difference in 
response to zinc cannot be considered as an indication that in- 
testinal phosphatase is different from the others, since after di- 
alysis all three enzymes show a marked inhibition by zinc. 

2. The readdition of the dialysate from intestinal phosphatase 
preparations restores the ability of zine to activate the dialyzed 
enzyme. 

3. The dialyzable zinc coactivator of intestinal phosphatase 
preparations is a product of mucosal tissue autolysis. All of the 
pure a-amino acids tried have the same coactivating property 
as the dialysate. §-Amino, keto, hydroxy, or aliphatic acids, 
or organic amines have little or no activity. 

4. The ratio of the concentrations of a pure amino acid (glycine) 
to zinc ion is about 100:1 for maximum activation. At high 
glycine concentrations the zinc optimum is broad and flat. At 
lower glycine concentrations the zinc optimum is sharp. 

5. The intestinal phosphatase of zinc-deficient rats is con- 
siderably lower than that of normal controls. These results 
are discussed in relation to previously established disturbances 
in the nitrogen metabolism in the zinc-deficient rats. 
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PREPARATION AND PROPERTIES OF CRYSTALLINE 
SALMON PEPSIN* 


By EARL R. NORRIS anp DANIEL W. ELAM 


(From the Oceanographic Laboratories and the Division of Biochemistry, 
University of Washington, Seattle) 


(Received for publication, February 17, 1940) 


The techniques of crystallization, developed in recent years, 
have permitted enzyme studies that are far more exact than were 
possible with the more crude preparations. Among the crystal- 
line enzymes, Northrop’s pepsin has been the object of wide- 
spread and intensive research (1) which has contributed to the 
knowledge of enzyme action and mode of operation. In order to 
further the understanding of pepsin, it seemed worth while to 
begin comparative studies on pepsins from sources other than beef 
and swine. In the work to be described the pepsin of the Pacific 
Coast king salmon (Oncorhynchus tschawytscha) was crystallized, 
and comparative studies have been begun. 

Methods for crystallizing swine pepsin have been described by 
Northrop (2) and Philpot (3). Fortunately, the techniques for 
handling mammalian pepsin and pepsinogen (4) have been found 
applicable, with some modification, to fish pepsin. 

Most of the fish used as sources of material were caught in 
traps at La Conner, Washington, and brought under ice to 
Seattle, where they were dressed, after having been about 18 
hours out of water. The stomachs were removed, cleaned, and 
stored frozen; about 100 were required for each kilo of mucosa. 
The stomachs from actively feeding fish, caught at sea, were 
larger and contained more pepsin, but were difficult to ship 
successfully to Seattle. 


* Taken from a thesis presented by Daniel W. Elam as partial fulfilment 
of the requirements for the degree of doctor of philosophy, University of 
Washington, 1940 

Contribution No. 95 from the Oceanographic Laboratories. 
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444 Crystalline Salmon Pepsin 


Preparation of Enzyme——The mucosae were stripped from the 
muscle, washed and brushed to remove all mucin, and frozen for 
storage. In a half thawed condition they were finely ground for 
the extraction. It was found advantageous to extract in alkaline 
solution, which vielded pepsinogen; acidification of this extract 
converted the zymogen to pepsin, and at the same time pre- 
cipitated practically all of the contaminating proteins, which could 
then be removed by filtration. Denaturation of some of these 





Fic. 1. Crystalline salmon pepsin 


foreign proteins probably occurred during the alkaline extraction 
and, to assure this action, more alkali was added than is used by 
Herriott in the extraction of swine pepsinogen (4). Mucin does 
not interfere with such a procedure in the extraction of salmon 
mucosa as it does in the case of beef or swine. The enzyme was 
salted-out of the clear filtrate by ammonium sulfate, and crystal- 
lized by dissolving this precipitate in 0.1 M acetate, pH 5.0, and 
allowing the solution to stand. The pepsin erystallized as double 
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refracting needles (Fig. 1). A practical outline of the preparation 
procedure with some improvements on our previously announced 
method (5) is givenin Table I. The crystals may be stored under 
half saturated ammonium sulfate in the refrigerator. Solutions 
of the enzyme are most stable at pH 3.0. 

Evidences of Purity—aAll crystalline preparations, even after 
three successive crystallizations, have shown activities, as meas- 
ured by Anson and Mirsky’s Hb method (6), of 0.23 to 0.26 
unit! per mg. of protein nitrogen. 

That our preparation is homogeneous with respect to protein 
is indicated by the solubility curves. This criterion for purity 
has been described by Kunitz and Northrop (7). The amorphous 
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Fig. 2. Solubility of amorphous, twice crystallized salmon pepsin in 
0.42 saturated ammonium sulfate; pH 3.0, 25°. [PU] represents peptic 
activity of the solution in Hb units per ml. 


form of salmon pepsin, precipitated from a fresh solution of fresh 
and washed crystals, gave the solubility curves of Fig. 2, which 
are consistent with the demands of the phase rule for one protein 
species within the limits of our experimental error. 

Composition of Enzyme—Microchemical analyses of the crystal- 


' These units are calculated to 35.5°, which is the temperature specified 
in Anson and Mirsky’s definition of the Hb unit. Salmon pepsin is 1.18 
times as active at 35.5° as at 25° under the conditions of the determination; 
this factor for swine pepsin is 1.82 (6). When the two enzymes are com- 
pared at 25°, the specific activity of crystalline salmon pepsin is about 1.8 
times that of Northrop’s pepsin. 
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line enzyme have shown an elementary composition typical of a 


protein. The percentage composition is as follows: 
Cc H P Ash 


ome Kjeldahl 

51.9 6.48 15.62 15.2 1.58 0.031 0.08 
The techniques used are described in Pregl (8), with the exception 
that sulfur was determined by sodium peroxide fusion, a micro 
modification of a method of the Association of Official Agricultural 
Chemists (9). Part of the filter cake of crystals used in these 
analyses was dissolved, and portions of the solution were tested 
with silver nitrate, barium chloride, and Nessler’s reagent. 
Indications of chloride, sulfate, or ammonium ions were not 
discernible. 

The percentages of tyrosine, tryptophane, and cystine have 
been determined by the methods of Folin and Marenzi (10). 
The association of peptic activity with the tyrosine residues is 
illustrated by the preparations of acetyl (11), nitroso (12), and 
iodopepsin (13). Our attention was drawn to cystine by the 
higher sulfur content of salmon pepsin compared to swine pepsin 
(1), which corresponds in a qualitative way with the higher 
specific activity of the former as measured by the Hb method. 
The amino acid percentages are as follows: 


| 


Tyrosine | Tryptophane Cystine 
Crystallized once......... 6.7 1.2 2.0 
Fe 2.1 


- eee es oe 6.8 


Salmon pepsin, compared to swine pepsin (14), contains about 
twice the percentage of cystine, half as much tryptophane, and 
about seven-tenths as much tyrosine. 

The isoelectric point of the crystalline enzyme, prepared by the 
method described, was estimated by minimum solubility of the 
amorphous form in ammonium sulfate solution and in alcohol. 
The pH of least solubility was near 2.0. Crystals, suspended in 
citrate-phosphate buffer, changed their direction of migration in 
an electric field between pH 3.0 and 3.1. 


Kinetics 


The Hb method (6) was used for all routine assays; the calibra- 
tion curve for crystalline salmon pepsin is expressed by the 
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empirical relation, pepsin units = 0.313 T — 0.0020 TJ? + 
0.00068 7°, in which 7 represents the milliequivalents of tyrosine 
in 5 ml. of filtrate, after 10 minutes incubation at 25°. The 
equation is valid between the limits T = 0 and T = 12. The 
proteolytic unit of this equation is based on the liberation of 1 
milliequivalent of tyrosine per minute in the standard digest at 
25°. In order to obtain 35.5° units, the equation constants 
should be multiplied by 1.18. 

Influence of pH—The effect of pH on the initial rate of digestion 
of 2 per cent Hb is shown in Figs. 3 and 4. In the former case, 
close correspondence with Northrop’s pepsin was secured. These 
data were obtained with a preparation of salmon pepsin which 
had been prepared by acid extraction of the mucosa and pre- 
cipitation with acetone, according to the method of Fenger and 
Andrew (15). The first precipitate had been dried in vacuo 
over sulfuric acid and stored for 3 years over calcium chloride. 
At the beginning of this work, the dried preparation was dissolved 
and fractionated with cold acetone; the fraction soluble in 60 
per cent but precipitated by 80 per cent of the organic solvent 
was retained. Owing to the small quantity of the material, only 
a few crystals were obtained; they appeared to have the same 
crystalline form as is illustrated in Fig. 1. 

Crystalline salmon pepsin, prepared according to the outline 
of Table I, exhibited a pH versus activity relationship which is 
plotted in Fig.4. We have consistently obtained this type of curve 
with preparations made by this method and, over a short period 
of time, we have been unable to prepare again by acid extraction 
a salmon pepsin with the type of function shown in Fig. 3. 

The presence of salt markedly increased the rate of digestion. 
Denatured Hb was found only sparingly soluble in salt concentra- 
tions which approach the composition of sea water. However, 
the rate of digestion as a function of pH and in the presence of 
0.1 N NaCl is shown in Fig. 4, Curve B. The same enzyme solu- 
tion was used for both curves of Fig. 4. 

The Hb solutions were prepared by titrating a solution of 5 
per cent dialyzed Hb with dilute HCl to the desired pH, and 
diluting to 2 per cent Hb with distilled water. Sodium chloride 
was added as a 3.5 N solution. The final pH values were deter- 
mined by means of a glass electrode, standardized against pH 
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3.97 phthalate buffer. In all other respects the determinations 
were performed according to the procedure of the Hb method. 


N 
T 


q. tyrosine x iO’ in 6ml. digest 
T 
wo 





m.E£ 
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l l | l | J 
2 3 4 
pH 
Fic. 3. Dependence of initial rate of digestion of Hb on pH. Curve A, 
salmon pepsin which had been desiccated; Curve B, Northrop’s pepsin, 
prepared in this laboratory. 
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Fia. 4. Dependence of initial rate of digestion of Hb on pH. Curve A, 
crystalline salmon pepsin in salt-free medium; Curve B, in presence of 


0.1 n NaCl. 





m.Eq, tyrosine x IO in 6mi.d 





Oxidation-Reduction—In order to ascertain whether oxidation- 
reduction could account for the two types of activity versus pH 














E. R. Norris and D. W. Elam 449 


Taste I 
Preparation of Crystalline Salmon Pepsin 


(1) 2500 gm. finely ground mucosa stirred 1 hr. in 7500 ce. water con- 
taining 3 moles sodium acetate and 3 moles sodium bicarbonate. Strained 
through cloth. 

Volume 7500 cc.; Hb unit 0.023 per cc., 0.013 per mg. N, total 176; 

% of enzyme 100 

(2) To the opalescent pink extract were added slowly 240 cc. 2 Nn H,SO,, 
bringing the mixture to pH 2.0. To this solution 200 gm. Hyflo super-cel 
added and solution filtered on a large Buchner funnel whose paper was 
covered with a thin cake of super-cel. Filter cake washed with 200 cc. 
0.001 N H.SO,. 

Filtrate and washings, 

Volume 9690 cc.; Hb unit 0.015 per cc., 0.13 per mg. N, total 158; 

% of enzyme 90 

(3) To the clear yellow filtrate from (2) were added 390 gm. ammonium 
sulfate per liter, bringing the solution to 0.6 saturation; solution stood 
overnight at 5°. 20 gm. of Hyflo added and solution filtered; filter cake 
washed with 120 cc. 0.6 saturated ammonium sulfate solution. Filtrate 
and washings discarded. Filter cake suspended in 300 cc. 0.1 m acetate 
buffer, pH 4.2, and filtered to remove Hyflo. Filter washed with addi- 
tional 100 cc. buffer solution. 

Filtrate and washings, 

Volume 429 cc.; Hb unit 0.34 per cc., 0.14 per mg. N, total 146; 

% of enzyme 83 

(4) To the clear filtrate was added n H,SO, to produce pH about 2.0; 
390 gm. ammonium sulfate per liter added; allowed to stand overnight at 
5°. Filtered with suction on hard paper without filter aid. Cracks of 
draining cake closed with spatula in order to remove as much mother 
liquor as possible. Filtrate discarded. 

(5) Cake from (4) stirred to mush with a small amount of 0.1 m acetate 
buffer, pH 5.0; more buffer added with stirring until ppt. just dissolved; 
in all, 175 cc. buffer used. This solution filtered immediately with suction 
and transferred to a beaker in which it was stirred slowly for 2 or 3 days at 
room temperature. (It is best to seed with crystals from a former batch.) 
Crystals filtered off and washed with 50 cc. cold water which had been 
acidified to pH 4 or 5 with HCl. 

Crystal cake, 

Hb unit 0.24 per mg. N, total 27; % of enzyme 16 

(6) Filtrate and washings from (5) treated by procedure (4). 

(7) Recrystallization. Crystal cake from (5) dissolved in 8 ce. 0.1 N 
H,S80,. Solution centrifuged. Supernatant poured into 80 cc. 0.1 m 
acetate, pH 5.0. Crystallization rapid and complete in 1 hr. 

Hb unit 0.23-0.26 per mg. N 
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curves obtained, the effects of iodoacetic acid and cysteine were 
investigated. The Hb method was adapted to the experiments, 
Since iodoacetic acid reacts very slowly with sulfhydryl groups 
at a pH less than 5.0 (16), the enzyme solution at pH 5.3 was 
diluted with an equal volume of 0.01 N iodoacetic acid of pH 5.3 
and allowed to stand 20 minutes, after which it was mixed with 
the Hb substrate without further dilution. For comparison, a 
second aliquot of the same enzyme solution was diluted with an 


TaB_e Il 
Effects of Iodoacetic Acid and Cysteine on Salmon Pepsin 


(1, a) 5 ec. enzyme solution, pH 5.3 (solution containing about 0.0008 
Hb unit per cc.) added to 5 cc. 0.01 N iodoacetic acid, pH 5.3; allowed to 
stand 20 min. 1 cc. of this mixture + 5 cc. 2% Hb digested 10 min. at 25°. 
M.eq. tyrosine liberated per 6 cc. digest, at pH 1.2, 0.0045; at pH 2.2, 

0.0034; at pH 3.4, 0.0038 

(1, }) Same as (1, a) except water, pH 5.3, used instead of iodoacetic 
acid. 

M.eq. tyrosine liberated per 6 cc. digest, at pH 1.2, 0.0044; at pH 2.2, 
0.0034; at pH 3.4, 0.0034 

(2, a) 5 ec. Hb + 0.5 cc. 0.01 m cysteine solution of same pH + 1 ce. 
enzyme (solution containing about 0.0003 Hb unit per cc.) digested 10 min. 
at 25°. 

M.eq. tyrosine liberated per 6 cc. digest,* at pH 1.2, 0.0036; at pH 2.2, 
0.0028; at pH 3.4, 0.0029 

(2, 6) Same as (2, a) except that cysteine was added just after addition 
of trichloroacetic acid. 

M.eq. tyrosine liberated per 6 cc. digest,* at pH 1.2, 0.0036; at pH 2.2, 
0.0026; at pH 3.4, 0.0027 


* The color due to cysteine was inhibited by treating the 5 cc. aliquot 
of filtrate with 1 cc. of 40 per cent formaldehyde and 10 cc. of 0.5 n NaOH, 
and adding the phenol reagent 5 minutes later (17). 


equal volume of water of pH 5.3. The effect of reduction was 
observed by adding cysteine directly to the Hb solution, as 
suggested by Anson (17). Results of these experiments comprise 
Table II. The only influence shown was a slight increase in 
activity with the addition of either of these reagents, which, in 
view of the effect of salt, may be attributed to increases in ion 
concentrations of the solutions. 

Since the desiccated preparation of salmon pepsin gave a pH 
relationship very similar to that of crystalline swine pepsin, we 
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attempted to learn whether swine pepsin would show an analogous 
transition during purification. The dependence of activity on 
pH in the case of swine pepsin has been reported by Sorensen 
(18), Okuda (19), Ringer (20), Michaelis and Mendelssohn (21), 
Northrop (22), and Herriott and Northrop (23). These authors 
state, in most cases, that commercial or purified pepsin had been 
used, and in no case was the use of a crude mucosa extract 
reported. 

A simple extract of swine pepsin was made as follows: about 2 
sq. inches of mucosa, taken from the stomach of a pig just slaugh- 
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Fic. 5. Dependence of initial rate of digestion of Hb on pH. Curve A, 
crude extract of fresh hog stomach mucosa; Curve B, in presence of 0.1 
n NaCl; Curve C, extract of fresh stomach mucosa of beef. 


tered, was pounded in a mortar with a little sand until thoroughly 
disintegrated, well mixed with 10 ml. of 0.07 n HCl, and centri- 
fuged. The cloudy supernatant liquid was diluted to 7 volumes 
with water and, after standing half an hour, again centrifuged. 
This clear colorless pepsin solution gave the relationships plotted 
as Curves A and B in Fig. 5. Curve C of the same figure was 
obtained with beef pepsin prepared in a similar manner. 

The tests with iodoacetic acid and cysteine and the solubility 
curves lead us to believe that the broad curves of Fig. 4 are not 
caused by a certain oxidation-reduction state nor by a mixture of 
enzymes. The curves of Fig. 5 show an analogous situation in 
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the case of swine pepsin. Whether the occurrence of two forms 
of dependence of activity on pH is related to the existence of a 
pepsin-inhibitor complex in the newly formed pepsin, as was 
demonstrated by Herriott (24), or whether other changes occur 
in the pepsin molecule, are questions yet to be answered. 
Influence of Temperature—The ability of cold blooded animals 
to carry on digestive processes in winter months was pointed out 
by Hoppe-Seyler (25) and Rakoczy (26) who studied the pepsin 
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Fia. 6. Digestion of 2 per cent Hb at pH 2.0 by crystalline salmon pepsin 
at various temperatures. The ordinates represent the tyrosine equivalent 
liberated in 6 ml. of digest. 


of pike. Hykes, Mazanec, and Szecsenyi (27) showed that the 
perch can digest proteins at almost freezing temperatures. The 
environment of the salmon living in the North Pacific probably 
varies between the limits of 5-15°. In Fig. 6 isshown the progress 
of salmon peptic digestion at pH 2.0 and at various temperatures 
with 2 per cent Hb as substrate. 


We wish to express our thanks to Dr. Ray W. Clough of the 
National Canners Association, the Whiz Fish Products Company 
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of Seattle, and Mr. B. M. Gilmore of the Fishermen’s Cooperative 
Association of Neah Bay, Washington, in appreciation of their 
aid in securing the salmon stomachs used in this work. 


SUMMARY 


The pepsin of the Pacific Coast king salmon has been crystal- 
lized; the method of preparation is described in detail. 

An elementary analysis and determinations of tyrosine, trypto- 
phane, and cystine contents have been made. The material is a 
typical protein, but the needle type crystalline form and the 
composition show that this enzyme is distinct from Northrop’s 
pepsin. 

The enzyme, when prepared by the method described, has a 
specific activity of about 0.24 Hb unit, and is active over a wide 
pH range. The presence of salt enhances its activity. 

The activity of salmon pepsin is less responsive to changes in 
temperature than the activity of swine pepsin. 
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LETTERS TO THE EDITORS 





CHOLINE, PANTOTHENIC ACID, AND NICOTINIC ACID 
AS ESSENTIAL GROWTH FACTORS FOR 
PNEUMOCOCCUS 


Sirs: 
A strain of highly virulent Type I pneumococcus has been grown 
in a medium of pH 7.8 containing, per 10 cc., acid-hydrolyzed 


gelatin 60 mg., glutamic acid 1 mg., cystine 0.25 mg., KH,:PO, 
50 mg., MgSO, 10 mg., glucose 50 mg., thioglycolic acid 0.5 mg., 


Influence of Varying Concentrations of Choline, Pantothenic Acid, 
and Nicotinic Acid* 
Meat infusion broth controls, Type I, 2.4; Type II, 2.3; Type V, 2.5; 
Type VIII, 2.4. 














Nephelometer readings 
Nicotinic | Choline TypeI =| _—‘Typell | Type V |Type VIII 
Pantothenic acid, y per cc. 
1 02 | 1 | 0.2% | on ee 
y perce. | ¥ perce. | 
50 10 2.9 |>4.7 | 24 |>4.7 | 3.8 | 3.8 
50 5 2.5 | 28 | 24 |>4.7 | 3.8 | 3.2 
50 2.5 2.4 2.5 24 | 25 | 3.4 | 28 
50 1 | 3.4 3.4 | 3.3 | 36 | 4.7 | 3.0 
50 0.5 | 4.2 4.5 4.0 | 4.6 |>4.7 | >4.7 
10 10 3.3 |>4.7 | 2.5 |>4.7 |>4.7 | 44 
10 5 2.7 | 3.0 | 28 |>4.7 | 35 | 438 
10 2.5 2.7 | 3.7 | 24 | 2.5 | 3.4 | 3.4 
10 1 3.7 | 3.9 | 35 | 86 |>4.7 |>4.7 
10 0.5 | 44 |>4.7 | 4.1 | 4.7 |>4.7 |[>4.7 
2 10 3.7 |>4.7 | 2.5 |>4.7 |>4.7 |>4.7 
2 5 2.7 | 33 | 24 |>4.7 | 3.5 |>4.7 
2 2.5 3.0 | 39 | 2.4 26 | 36 | 38.5 
2 1 88 | 42 | 36 | 3.9 |>4.7 (>4.7 
2 0.5 4.7 |>4.7 | 4.5 | 4.7 | >4.7 | >4.7 





* 0.25 microgram per cc. of pantothenic acid gave readings of >4.7 with 
Types V and VIII throughout. 
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and flavin 0.001 mg. To this were added choline, pantothenic 
acid, and nicotinic acid in suitable proportions. 

One strain each of highly virulent Types II, V, and VIII pneu- 
mococci was grown in a similar medium in which the gelatin 
hydrolysate was replaced by a mixture of glutamic acid 10 mg., 
glycine 2.5 mg., asparagine 2.0 mg., leucine 1.5 mg., arginine 0.75 
mg., alanine, lysine, cystine, and methionine each 0.5 mg., his- 
tidine, 6-alanine, and tryptophane each 0.25 mg., norleucine 0.15 
mg., oxyproline 0.1 mg., and phenylalanine 0.1 mg. 

After test cultures in the various media had been incubated at 
37° for 15 to 18 hours, their turbidity was measured with a Gates 
nephelometer.' A reading of 4.7 or more indicated essentially no 
growth; a reading of 3.0 or less, good growth. 

The optimum concentration of choline required by each type 
was found to be about the same. Nicotinic acid showed a wider 
range but was, in part, dependent upon the concentrations of both 
choline and pantothenic acid. The amount of pantothenic acid 
necessary for growth was influenced by the concentrations of 
choline and nicotinic acid as well as by the type tested. 

The omission of choline or nicotinic acid prevents growth, as 
does the omission or hydrolysis of pantothenic acid. The presence 
of thioglycolic acid (or presumably a similar reducing agent) is 
also essential for growth. 


Antitozin and Vaccine Laboratory | Leo RANE 
Massachusetts Department of Public Health 
Jamaica Plain 


Department of Biological Chemistry YELLAPRAGADA SUBBAROW 
Harvard Medical School 
Boston 
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‘Rane, L., and Subbarow, Y., Proc. Soc. Exp. Biol. and Med., 38, 837 
(1938). 

















ACTION OF 4-AMINO-2-METHYLNAPHTHOL ON THE 
OXIDATION OF CERTAIN SULFHYDRYL GROUPS 


Sirs: 


Cysteine and reduced glutathione increase clotting time.':? 
According to Kiihnau and Morgenstern! these compounds act 
directly on thrombin. This enzyme when purified gives a faint 
but definitely positive nitroprusside test.!. It is well known that 
various hydrolytic enzymes are activated by —SH compounds 
which reduce —-_S—S— linkages in the protein of the enzyme. 
The inactivating action of these compounds on thrombin indicates 
that this enzyme like insulin is only active when most of the sulfur 
is in the —-S—-S— form and this would account for the faint nitro- 
prusside test. 

The naphthoquinone group present in all compounds with vita- 
min K activity can be reversibly oxidized and reduced. It was 
therefore of interest to determine whether such compounds could 
catalyze the oxidation of —SH groups. For this purpose 4-amino- 
2-methylnaphthol HCl (kindly supplied by Dr. O. Kamm) was 
used. It has a high vitamin K activity. In a concentration of 
0.05 mg. per cc. it rapidly catalyzes the oxidation to the disulfide 
of 4.0 mg: of cysteine or thioglycolic acid dissolved in 2.0 cc. of 
0.05 m phosphate buffer, pH 7.8. This catalysis is not inhibited 
by cyanide. It has, however, little effect on the oxidation of 
reduced glutathione. It causes the rapid disappearance, pre- 
sumably by oxidation, of the —SH groups in the nucleoprotein of 
rat liver as measured by the disappearance of the nitroprusside 
reaction. Finally, in the same concentration, it causes a 50 per 
cent inhibiton in the action of crystalline papain-HCN (kindly 
supplied by Dr. A. K. Balls) on milk (1.0 cc. of enzyme containing 
1.09 mg. of protein Nz in 5 cc. of milk and 4 ce. of buffer, pH 6.7). 


1 Kithnau, J., and Morgenstern, V., Z. physiol. Chem., 227, 145 (1934). 
2 Mueller, J. H., and Sommers, 8., Science, 76, 140 (1932). Sterner, J. H., 
and Medes, G., Am. J. Physiol., 117, 92 (1936). 
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This compound, and presumably other compounds with the 
naphthoquinone groups, can oxidize the —-SH groups of certain 
proteins. The presence of naphthoquinones in the body may thus 
insure the existence of —-S—-S— linkages or prevent the reduction 
of such linkages in thrombin when it is formed from prothrombin. 
It could do this by being attached to the thrombin molecule or by 
raising the oxidation-reduction potential of the blood or even 
indirectly by changing the ratio of —SH to —S—S— in the liver. 


Departments of Physiology and Pharmacology FREDERICK BERNHEIM 
and Biochemistry Mary L. C. BERNHEIM 
Duke Medical School 
Durham, North Carolina 
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THE RACEMIZATION OF GLUTAMIC ACID 


Sirs: 


In order to throw further light upon the presence of d(—)- 
glutamic acid in hydrolysates of normal and cancerous tissues,' 
a pure recrystallized sample of 280 gm. of 1(+)-glutamic acid 
hydrochloride was heated to gentle boiling with 3 volumes of 
concentrated hydrochloric acid (sp. gr. 1.19) for 35.5 hours. An 
analysis of various crops of crystals obtained from this solution 


| | 
Crops Weight vase cy, Nitrogen | form | i. 
gm. degrees per cent per cent gm 
Original 280 +31.67 | 7.58 

ist 256 | +4+81.17 7.55 

2nd 21.9 | 4.26 | 7.55 56.7 | 12.42 

3rd 0.90 | +2.23 | 7.49 46.4 | 0.42 
| 7.56 34.3 | 0.004 


4th 0.274 +9.9 


yielded the results shown in the accompanying table. There 
was 99.67 per cent recovery of the glutamic acid hydrochloride 
used, of which 12.934 gm. or 4.6 per cent had been converted into 
d(—)-glutamic acid hydrochloride. 

An experiment carried out for a shorter period of heating showed 
racemization also but in lesser amount. Therefore, the presence 
of d(—)-glutamic acid in protein hydrolysates may be explained 
as due to racemization during acid hydrolysis. Complete details 
will be given in a future paper. 

National Cancer Institute J. M. Jonnson 


United States Public Health Service 
Bethesda, Maryland 


Received for publication, May 3, 1940 





1 Kégl, F., and Erxleben, H., Z. physiol. Chem., 258, 57 (1939). Johnson, 
J. M., J. Biol. Chem., 182, 781 (1940). Chibmall, A. C., Rees, M. W., 
Williams, E. F., and Boyland, E., Nature, 145, 311 (1940). 
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PANTOTHENIC ACID DIPHOSPHATE 


Sirs: 


Since the isolation of pantothenic acid in pure form,’ ? and the 
publication of its structure and synthesis,? the problem of its 
réle in biochemical reactions has received attention. Many of 
the water-soluble vitamins take part in enzymic reactions as 
phosphate esters, and the possibility that pantothenic acid 
phosphates might be of significance was considered. Pantothenic 
acid acetate’ and some other derivatives in which the hydroxyl 
groups are covered are inactive biologically. If the phosphates 
should be active, one might conclude that either the test organism 
contained a phosphatase capable of splitting the ester or that the 
ester itself took part in cell metabolism. 

Since details of the synthesis of pantothenic acid have not yet 
appeared, our method of obtaining the dl acid will be indicated. 
8,8-Dimethyl-a,y-dihydroxybutyric acid was made according 
to Kuhn and Neustadter* and its barium salt was acetylated and 
converted to the acid chloride with thionyl chloride. Union with 
8-alanine ethyl ester and selective hydrolysis of the ester linkages 
were performed as previously described. The resulting panto- 
thenic acid was converted to the barium salt with BaCO,; and 
obtained as a white powder by adding ether to its alcoholic 
solution. Calculated for CysH32Oi0oN,Ba, Ba 23.9; found, 23.9. 
650 mg. of pantothenic acid in 10 cc. of ice-cold pyridine were 
treated with 1 gm. of POC]. After 1 hour, the mixture was 
concentrated to dryness under reduced pressure, and taken up in 
cold water. The solution was diluted and treated with 20 gm. of 


! Woolley, D. W., Science, 91, 245 (1940). 

* Williams, R. J., and Major, R. T., Science, 91, 246 (1940). 

* Woolley, D. W., Waisman, H. A., Mickelsen, O., and Elvehjem, C. A., 
J. Biol. Chem., 126, 715 (1938). 

‘Kuhn, M., and Neustadter, V., Monatsh. Chem., 39, 293 (1918). 

* Woolley, D. W., Waisman, H. A., and Elvehjem, C. A., J. Biol. Chem., 
129, 673 (1939). 
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norit A. The norit was washed with alcohol and an aqueous 
solution of the eluate was neutralized with Ba(OH):. The 
barium salt was obtained as a fine, white powder by adding alcohol 
to its aqueous solution. Yield, 700 mg. Calculated for 
CisH2s02N2P,Bas, P 8.6, Ba 47.8; found, P 8.5, Ba 47.7. At- 
tempts to prepare a crystalline brucine salt were unsuccessful. 


Substance Maximum effect with 


di-Barium pantothenate 1 y per ce. 
Ba salt of dl-pantothenic acid diphosphate Inactive at 70 y per cc. 
Reaction mixture Equivalent to 5 y per cc. 


The data summarized in the table show that the diphosphate, 
in common with other esters of pantothenic acid, is biologically 
inactive. Assays were performed by the bacterial method.‘ 
The fact that the crude phosphorylated reaction mixture had some 
activity probably indicates incomplete phosphorylation. How- 
ever, possible activity of one of the monophosphates or a pyro- 
phosphate which may have been present in the reaction mixture 
may explain the result. These compounds are under investigation. 


Hospital of The Rockefeller Institute for D. W. Woo..ey 
Medical Research 


New York 


Received for publication, May 10, 1940 








* Snell, E. E., Strong, F. M., and Peterson, W. H., J. Am. Chem. Soc., 
60, 2825 (1938). 











A PHOSPHORYLATED OXIDATION PRODUCT OF 
PYRUVIC ACID 


Sirs: 


It has been shown that pyruvic acid oxidation is dependent on 
the presence of inorganic phosphate,' but so far it had not been 
possible to demonstrate the formation of a phosphorylated inter- 
mediate. Since pyruvic acid was found to promote adenylic 
acid phosphorylation,? any such intermediate must contain an 
energy-rich phosphate bond. Phosphopyruvic acid had been 
excluded by earlier experiments, but recent evidence suggested 
that acetyl phosphate might be the intermediate.’ It was 
found that the phosphate of synthetic acetyl phosphate could be 
transferred to adenylic acid by an enzyme present in Bacterium 
delbriickii. Tentatively the oxidation was formulated as follows: 
+ H,Or. 

In order to obtain a method for determining acetyl phosphate, 
a closer study of its stability was undertaken. It developed that 
at room temperature acetyl phosphate is rapidly broken down 
above pH 8.5 or below pH 2, but is fairly stable between pH 5 
and 7. Hence, the magnesia mixture used for the determination 
of acid-unstable creatine phosphate is too alkaline for this purpose. 
It has now been found, however, that inorganic phosphate is 
completely precipitated at neutral reaction with calcium chloride 
in 30 per cent ethyl alcohol, whereas the calcium salt of acetyl 
phosphate is soluble under these conditions. Moreover, cold 
trichloroacetic acid can be used for deproteinization, causing prac- 


1 Lipmann, F., Enzymologia, 4, 65 (1937). Banga, I., Ochoa, 8., and 
Peters, R. A., Biochem. J., 33, 1980 (1939). 
? Lipmann, F., Nature, 143, 281 (1939). Colowick, 8. P., Welch, M. 8&., 
and Cori, C. F., J. Biol. Chem., 133, 641 (1940). 
* Lipmann, F., Nature, 144, 381 (1939); in Cold Spring Harbor symposia 
on quantitative biology, Cold Spring Harbor, 7, 248 (1939). 
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tically no decomposition. Thus the calcium precipitation method 
can be used to determine acetyl phosphate by difference. 


| 





| | . | " 
| | Direct Mg ppt., 


Pyru- | Fluo- | = | inorganic “inorganic + alkali- | phophate P Acetyl P 
vate | ride sumed | | unstable P| stable P | Excess O: 
m” | a | ap (II — 1) 

¢.mm. mg. mg. mg. mg. ¢.mm. 
— | — | 16); 1.30 1.32 
+ | — | 7% | 0.57 1.30 0.72 | 486 0.7 
— | + | 114] 1.29 1.31 1.32 | 
+ | + | 734 | 0.52 | 1.32 | 1.31 | 0.77 | 556 | 0.9 





Experiments were carried out with enzyme solutions obtained 
from Bacterium delbriickiit. After pyruvic acid oxidation for 
about 1 hour, the cooled solution was deproteinized with 2 per cent 
trichloroacetic acid, the filtrate rapidly neutralized, and the true 
inorganic phosphate precipitated with CaCl. As shown by the 
data presented in the table, large amounts of inorganic phosphate 
disappear either in the absence or presence of fluoride, and are 
nearly equivalent to the extra oxygen consumed, in accordance 
with the equation, due allowance being made for the imperfect 
stability of the product. The organic phosphate so formed 
behaves like acetyl phosphate; 1.e., it is split readily and com- 
pletely by the acid required to determine phosphate directly 
(II in the table) and (in contrast to creatine phosphate) by 
alkaline magnesia mixture (III). Colorimetric determination 
of phosphate was carried out according to Lohmann and Jen- 
drassik.‘ 

The demonstration here of a phosphate compound of such 
limited stability, which is formed metabolically, might well 
necessitate some revision as to what has usually been regarded 
as inorganic phosphate in cells and tissues. 


Department of Biochemistry Fritz LipMANN 
Cornell University Medical College 
New York City 


Received for publication, May 16, 1940 


‘ Lohmann, K., and Jendrassik, L., Biochem. Z., 178, 419 (1926). 














IDENTIFICATION OF THE RICE FACTOR. 
THE CARBOHYDRATE COMPONENT 


Sirs: 


In a former paper on the “rice factor’! we have presented evi- 
dence that glycine is essential for optimum growth of the chick 
and that chondroitin exerts a growth-promoting effect in certain 
diets when the glycine and arginine requirements of the chick are 
met. Further studies of the réle of chondroitin have revealed 
that its glucuronic acid component is similarly growth-promoting 


A “‘rice factor” casein basal diet containing 1 per cent of added syn- 
thetic glycine was fed. 








Supplement Level, per cent | No. of chicks —— basal 
eee ene 9 | 100 
SP oe 3 7 159 
Glucuronic acid................... 0.5 9 | 145 

™ ee Se ee eee 0.5 
NS. a5 cis caw be wae uae’ 0.5 ® 100 
“ sabotcalaiiad deine eae aa 6 | 75 
Hydrolyzed chondroitin............| 3 9 84 


On the other hand, the galactosamine component appears to be 
unessential, if not detrimental. Results which illustrate these 
statements are given in the table. The basal diets used were 
similar to those previously described.' 

Glucuronic acid, alone or with galactosamine, was effective 
in promoting growth. Galactosamine or acid-hydrolyzed chon- 
droitin containing galactosamine but no glucuronic acid (destruc- 
tion indicated by a negative Tollens’ test) permitted somewhat 
less growth than that of chicks on the basal diet. 

It seems evident that the growth-promoting effect of polished 
rice and of cartilage in certain experimental chick diets may be a 


1 Almquist, H. J., Stokstad, E. L. R., Mecchi, E., and Manning, P. D. V., 
J. Biol. Chem., 184, 213 (1940). 
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composite result of the presence in these ingredients of glycine, 
arginine, and glucuronic acid, or a similarly acting substance. 
Our experiments have clearly differentiated among these separate 
growth factors. 

In addition to increases with glucuronic acid, we have repeatedly 
obtained growth rate increases with sodium alginate, gum arabic, 
and certain pentoses. These results indicate that several sub- 
stances related to glucuronic acid may be active also. It seems 
possible that certain of these compounds may serve as precursors 
of the active forms. 


Division of Poultry Husbandry H. J. ALMQUIST 
College of Agriculture E. Meccur 
University of California 
Berkeley 


Research Laboratory E. L. R. Sroxstap 
Golden State Company, Ltd. P. D. V. MANNING 
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